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RAYS  AT  3 KILOHBTERS 


THE  MOMENTUM  SPECTRit'<<  ''CSMOC 


I.  INT  ..'..TION 

Early  in  the  history  of  the  study  of  cosbjic  rays  it 
bacane  obvious  that  tho  radratici.  ^culd  be  separated  into  two 
oeaponenta  differing  in  the  deg?' . of  their  penetration.  This 
phenonenological  list  motion  oane  about  fron  the  following 
ezperlrer.tal  core! derations  It  was  known  that  In  the  neasure- 
tient  of  the  intensity  of  ocsalc  radiation  the  introduotion  of 
a few  oentlnetera  of  lead  abaorber  would  daoreaae  tha  intenalty 
aarkedly.  After  about  ten  oentiwetere  of  :;tad  had  been  placed 
on  top  of  tne  apparatus  to  filter  the  rs-'iation  it  waa  found 
that  the  rate  of  decreaae  of  oosalc  ray  Intenalty  with  further 
abaorblng  materials  quits  abruptly  daortaaed  In  nagnltuda. 

The  rewaining  radiation  waa  little  affeeted  by  tlM  interposi- 
tion of  further  abaorblng  water '..ala . It  thua  appeared  that 
there  were  two  diet Inc v component a,  a soft  or  nonpanatratlBg 
sMipenant  which  oould  be  removed  by  about  ten  eentlnetera  of 


lead  and  the  hard  or  -’enetratlng  oonponent  which  was  little 
affected  by  fairly  large  quantitlea  of  lead  absorber. 

A great  deal  of  • orJc  was  done  on  the  soft  cowponcnt  in 
the  early  stages  of  cosmic  ray  investigation.  I was  discov- 
ered the : the  soft  component  consisted  essentially  of  eleetrona 
end  low  energy  gamma  rays  in  a cascade  process.  Both  experi- 
mental  and  theoretical  Investigations  were  undertaken  during 
the  1920s  and  were  fairly  successfvil  in  explaining  the  gross 
effect.  Although  even  today  a quantitative  theoretical  treat- 
ment of  the  soft  component  which  completely  explains  the 
cascade  process  la  lacking,  the  high  order  of  suocees  etteined 
In  a aeml -quantitative  wey  by  the  theoretical  treatment  Indl- 
eatea  that  at  least  the  basic  por  ion  of  the  problem  has  been 
solved.  It  18  to  be  expected  that  further  refinement  in 
experimental  t«cnnique  will  require  a more  precise  theory. 

Work  on  the  herd  component  hae  proceeded  at  a much 
flower  rete  until  the  last  few  yeare.  At  first  the  hard  con- 
ponent  wws  considered  to  consist  of  very  high  energy  gamme 
rays.  Their  ability  to  penetrate  large  amounts  of  absorber 
night  thus  be  explained.  Some  inveetlgatora  found  evidence 
for  supporting  the  view  that  the  gamme  rays  making  up  the  hard 
oomponent  had  asaentially  discrete  energy  levels  and  that  the 
absorption  coefficients  for  tha  hard  oonpoMnt  yielded  to  a 
natural  interpretation  baaed  on  the  method  of  formation  of  the 
high  energy  gimma  ray. 
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The  discovery  of  the  msob  added  a new  Intoreat  to  tlM 
field  of  eoBwlc  rays.  The  work  of  HeddersMiyer  snd  Anderson  (I) 
showed  quite  conclusively  that  mesons  were  extremely  penetrat- 
lag  had  sufficient  energy  to  produce  the  effects  attributed 
to  the  hard  cowponent.  The  fact  that  mesons  underwent  a decay 
process  with  quite  short  half-life  further  cowplloated  the 
problew. 

A more  detailed  study  of  the  hard  component  yielded 
the  fact  that  no  existing  meson  theory  could  aooQunt  for  th# 
experlwantal  evidence  Inveatigaticn  of  penetrating  showers 
and  their  rate  of  decrease  through  the  ataosphere  gave  an  even 
larger  discrepancy  with  theory. 

Postwar  research  has  led  o the  notion  of  s nuclesr 
esscsda  process.  This  is  a process  in  which  nucleons  trsvers- 
ing  the  atmosphere  undergo  collisions  in  a cascade  type  of 
reaction.  The  collision  of  one  nucleon  with  a nucleus  produces 
■fvsrsl  wore  nuo Isons  snd  other  penetrstlr.g  psrtloles»  such  as 
nesons,  which  go  on  to  forw  a hard  or  penetrating  cascade  In 
arder  to  understand  this  nuclear  cascade  process  a great  deal 
ef  inforwatlon  regarding  ths  wsson  intensity  snd  the  nucleon 
intensity  as  funotions  of  wowentuw  had  to  be  obtained.  The 
Bttwber  of  nuoleona -at  aea>level  was  known  to  be  quite  swell, 
so  that,  although  several  investigators  hid  axperlwentally 
dstsrwlnsd  ths  wonentum  epeotnui  at  sea>level,  little  use 
•«a«  k*  imw  «t  tMi  tuftTMtio*  «iti>  r«(w4  to  »i«Xo»p 


oatcade  prooeaaea.  latltuda  work  bad  been  dona,  prlMrili' 

ky  Anderson  (2)  and  by  Hall  (3).  Rail's  work,  howerer. 

Involved  the  dete»-«ninat ion  of  an  integral  range  spectrum. 

From  by  assuming  that  all  of  the  radiation  with  which  he 

dealt  w^ s masonic,  he  computed  a momentum  spectrum  for  his 
altitude  of  observation,  namely,  14,000  feet.  As  will  be 
eonsidered  in  the  discussion,  the  work  of  Hall  raised  more 
questions  than  it  answered.  It  was  thought  that,  because  of 
the  necessity  of  making  assumptions  <'oncerning  the  nature  of 
the  radiation  In  determining  a momentum  spectrum,  the  deter* 
mlnation  of  this  spectrum  by  Hall  might  be  in  error.  The 
difficulty  with  Hall's  work  becsir'‘  even  more  pronounced  when 
it  was  realized  that,  for  such  a oectrum  to  exiat,  a large 
aisoxmt  of  low  energy  meaons  would  have  to  be  produced  in  a 
region  between  14,000  and  15/000  feet. 

All  work  concerning  the  rate  of  meson  production  dona 
at  that  altitude  and  higher  yielded  production  rates  far 
smaller  than  that  required  by  Hall  Since  the  rate  of  produe- 
‘ * ■'n  'f  menona  undoubtedly  Is  directly  connected  with  tb'* 
Buolson  flux,  the  fact  that  Hall's  spectrum  required  meson 
produetion  almost  necessitated  a large  nucleon  flux,  in  direct 
eontradiotion  to  the  assumptions  he  had  made.  It  was  essen- 
tial, therefore,  that  a direct  determination  of  the  momentum 
spectrum  be  made,  one  that  involved  no  assumptimis  concerning 
tlw  partieloA  involved.  This  is  the  basio  objoetivo  of  the 
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pr«Bent  experlmnt . Obviously,  a cloud  chaabar  In  a aagnatlo 
field  la  the  choice  of  instruaentatlon. 

The  only  direct  experiraentAl  aeasureaent  of  the 
aoaentua  apectrun  with  altitude  which  had  been  d'^ne  in  suffl- 
olent  d* tall  to  warrant  conalderattcn  was  that  of  the  Cal- 
l^’ornla  Institute  of  Te^'hnology  group  In  19^7  at  30^000  feet 
(2) . Due  to  the  great  difficulty  in  flying  a aagnetic  cloud 
chaaber,  the  entire  field  of  data  conaiated  of  only  250  meas- 
ured tracks-  In  order  to  settle  the  question  of  meson  produc- 
tion and  the  aoaentua  apectrua  at  high  altitude  It  la  necessary 
to  carry  out  a rather  lengthy  program  utilizing  a aagnetic 
oloud  chamber  at  as  high  an  altitude  as  possible  Since  it  was 
▼Itsl  to  obtain  as  large  a field  f data  aa  possible,  aircraft 
observation  was  not  considered  practical.  With  this  llaitstlou 
tlMn,  It  appeared  that  the  best  which  could  be  done  was  to 
make  oxtenslve  ueasureaents  at  about  12,000  feet 

The  experiment  which  la  the  basla  for  this  disserta- 
tion, and  which  was  perfora»d  in  19^8>  had  as  its  objective 

determination  of  the  Boc>entun  apoctrua  and  some  ' ' 

observations  on  tho  nucleonic  coaponent.  It  was  felt  that  this 
azperlaent  was  perhaps  the  aoat  significant  experlaent  which 
eould  be  performed  wljth  the  existing  equipaent  In  order  to 
adveaee  our  undereteadlng  of  tho  hard  component  of  cosmic  rays. 
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II.  CXPSJUilfiifTAl.  APPARATUS 

The  experimental  appara»:iis  used  in  obtaining  the  bailc 
data  this  investigation  can  be  conveniently  li-ided  into 
two  par's,  (1)  the  cljud  chamber  and  auxiliary  equipment  nec- 
essary to  make  It  function,  and  (2)  the  equipment  necessary  to 
produce  and  maintain  the  magnetic  field.  The  equipment  asso- 
ciated with  the  cloud  chamber  must  include  some  means  of  event 
selection  snd  s control  unit  for  conducting  the  sequence  of 
operations  necessary  to  operate  a cloud  chamber  The  magnet 
mtalch  produces  the  field  In  whloh  the  chamber  la  located 
requires.  In  addition  to  a d-c  generator,  a cooling  and  tea- 
parature -control  ayatam  to  protect  the  chamber  from  tempera' ure 
gradients  and  fluctuations  A somewhat  more  detailed  account 
of  the  units  used  to  perform  these  various  functions  will  be 
inelttded  in  tlim  next  few  pages. 

A.  Cloud  Chamber 

The  cloud  chamber  used  in  this  Investlga*-^ rn  is  t.,c  ind 
s half  inohea  deep  and  seven  inches  in  diameter  with  a useful 
illuminated  depth  of  about  one  inch.  In  order  to  keep  the 
necessary  air  gap  In  the  magnet  assembly  to  a minimum,  the 
expansion  neohanian  Is  not  nounted  on  the  back  of  the  chamber 
na  la  usually  the  case,  but  instead  is  placed  outside  the 
Mkgnet  •tnieturo  nnd  oMnaated  to  Uui  otMOher  hy  a ten-inch 
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brae*  tube  two  inchec  ?n  diameter  1 showa  th«  cloud 

etoabor,  including  tho  oonnooting  tube,  with  all  th«  parte 
In  their  relative  asaembled  poaitlona  Just  prior  to  assemt-iy 
The  pa^ts  ahown,  from  left  to  rlgnt , are  as  follows:  the  ten- 

inch  bi  08  connecting  tube  and  back  wall;  the  brass  baffle 
r>  ate;  the  velvet,  which  is  nornally  stitched  to  the  brass 
baffle  plate;  the  glass  cylinder,  which  forms  the  wall  of  the 
chamber;  the  brass  ring  which  seats  the  "O”  ring  gaskets  and 
also  acts  as  the  positive  return  for  the  '•learlng  field;  the 
glass  cover  plate;  black  masking  paper  to  define  the  dlaaeter 
of  the  ehaaber;  and  the  end  retaining  ring  The  chamber  M 
held  together  by  studs  which  are  >?.rewed  Into  the  stud  hcles 
along  the  outer  portion  of  the  b*  k wall  and  extend  through 
the  end  reteining  ring  The  nuts  on  the  end  of  the  studs  then 
pull  the  retai.uing  ring  down  and  compress  the  "0"  ring  seals 
If*"-:;'  the  chamber  has  been  assembl’:!  w:th  the  backing  plate 
and  expansion  mechanism  (not  shown),  the  chamber  is  evacuated, 
and  the  nuts  on  the  ends  of  the  studs  may  be  further  tightened 
without  danger  of  cracking  the  glass 

The  expansion  mechanism  utilises  a nmoprene  diaphragm 
which  acts  as  a movable  separator  between  the  chamber  gas  and 
the  backing  air.  The  chamber  is  expanded  by  exhausting  the 
backing  air  pressure  to  the  atmosphere  through  a "pop  valve," 
the  amount  of  expansion  being  determined  by  the  position  of 
am  mdjuatmble  bao|cU|f  plmte  mhieh  defines  the  total  motion  of 
the  dlmphrmpi  moA,  hence,  the  total  increase  in  the  volume  of 
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the  chamber  ..  The  "pop  valve"  ,19  ''saen’.  *.  a plunger  whioh 
has  a plate  about  an  inch  In  diameter  on  Ita  end.  ThAs'pl’^^e 
closes  a hole  In  the  brass  plate  w.hlch  coniines  the  backing 
air  pre«\aure  The  "pop  valve"  plate  is  held  in  position 
against  the  force  of  the  backing  h)*'  by  a solenoid  which  acts 
on  the  plunger  When  the  holding  current  is  released  the 
plunger  la  accelerated  by  the  pressure  differential  across 
tne  plate,  and  the  valve  opens  Since  It  is  essential  to  have 
the  valve  operate  quickly,  the  total  maaa  of  the  moving  ele- 
■anta  has  been  kept  as  low  as  possible. 

The  chamber  Is  filled  with  a mixture  of  argon  gas  irA 
the  saturated  vapor  of  a 60-40  n-  ropyl  alcohol-water  mix*  <*’"6 
to  a total  pressure  of  1.8  atmosr  ?res  A backing  air  pressure 
six  pounds  greater  than  the  filling  pressure  is  used.  The 
electronically  operated  "pop  valve"  Is  found  to  open  within 
about  two  milliseconds  after  triggering,  and  from  the  track 
width  (0.3  millimeters)  and  the  minimum  delay  time  after 
expansion  before  tracks  can  be  photographed  (0.0?  seconds), 
the  expansion  time  can  be  computed  The  e>jMmate  made  on  the 
basis  of  the  above  data  la  a total  time  for  expansion  of  0.01 
seconds.  It  has  been  found  that,  if  the  chamber  Is  photo- 
graphed about  0.05  seconds  after  expansion,  the  droplet  size 
is  sufficient  for  easy  mesaurement  of  track  curvature,  but 
that  not  sufficient  tine  has  elapsed  for  turbulence  in  the  gaa 
flow  to  preduee  spurioua  curvature. 
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The  Introdu-'t . -*>11  of  two -inch  '■  cnnect  ing  tube 
between  the  chamber  and  the  expansion  mechanism  In  this  chamber 
produces  a structure  resembling  a Helrcho’tz  oscillator.  The 
sudden  elease  of  the  backing  <ir  pressu^"'*,  end  the  resulting 
movement  of  the  neoprene  diaphragai  wi'.lch  increases  the  volume 
the  expansion  side  of  the  chamber,  shock  excites  the  reso- 
rato»’,  and  the  pressure  of  the  gas  In  the  chamber  proper  then 
'►aries  with  time  in  accordance  with  a dampei  oscillation.  As 
originally  set  up,  the  oscillatory  motion  was  not  critically 
damped,  and  the  small  overexpansion  of  a portion  of  the  gas 
resulted  in  the  forsiatlon  of  a dense  white  fog,  which  ooir- 
pletely  filled  the  chamber  after  i few  expansions,  making  :t 
unusable.  If  the  condensation  ce  ters  formed  by  the  over- 
expansion  had  disappeared  before  the  next  expansion,  no  dif- 
ficulty would  have  been  encountered,  but  this  was  not  the  esse. 
*Tc  adequate  explanation  of  this  phenomenon  has  been  given. 

In  order  to  Increase  the  damping,  and  thus  eliminate 
T ne  large  overshoot,  the  connecting  tube  was  loosely  packed 
with  copper  wool.  The  amount  of  wool  did  net  seem  to  be  par- 
ticularly critical,  but  in  the  experiment  only  enough  was  used 
to  eliminate  the  overexpanalons;  had  too  much  bean  used,  the 
expansion  time  would-  have  increased,  giving  broad  tracks  which 
are  difficult  to  measure.  There  Is  almost  no  background  fog  in 
the  photographs  of  the  .hamber,  and  the  chamber  is  sufficiently 
stable  to  naad  adjustment  no  more  often  than  once  dally. 
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Plates  II,  II',  and  IV  are  enlc.^geoents  of  oloud 
ohanbez  pictures  from  the  thirty-five -mllliaeter  film.  The 
plates  show  a track  of  m:»ao5un»  ’(nizatlcn,  a proton,  and  a 

shower 

Illupinatlon  and  PhcvograrVy 

The  chaaber  la  photographed  through  a conical  hole  in 

a 

i.he  magnet  core  , The  camera  used  for  this  experiment  was 
especially  constructed  for  the  ta=ik  and  utilizes  an  ektar 
f-li.S  lens  with  a f ifty-mlliimeter  fO'-al  length  The  rewind 
system  la  electrically  operated,  and  the  magazine  has  a 
capacity  of  100  feet  of  thlrty-f;v*»  millimeter  film.  The 
framing  arrangement-  ,^ermita  4^0  r cturea  to  be  taken  on  a 
100-foot  atrip  of  fi^m  Several  typea  of  film  have  been 
tried  The  bes^  results  so  far  have  been  obtained  with  East- 
man Llnograph  Ortho  film.  This  film  is  exceptionally  fast  in 
the  blue  region  and  la  not  prohibitively  grainy.  Illumination 
Is  provided  by  four  Sylvania  type  P-4340  photo-flash  tubes 
operating  at  2500  volts  and  having  an  energy  dissipation  of 
100  watt-seconds  each  per  flash..  T.he  energy  la  stored  In  a 
bank  of  thlrty-two-mlcrofarad  condensera.  Each  flash  tube  la 
backed  with  an  aluminum  foil  reflector  and  has  a cylindrical 
oil  lima  ting  lena  In  front  of  It.  Thla  can  be  seen  in  Plate  V, 
which  shows  tha  magnet  fsce  with  the  cloud  chamber,  geiger 
tttbea,  and  flash  tubas  in  position.  The  chamber  la  masked  so 
that  tha  illuminated  depth  la  restricted  to  one  inch. 


I LATE  II.  A KIESON  TRACK 


FUTE  III.  A PROTON  TRACK 


I’LATE  IV.  A SHOWER 


PLATE  V.  THE  MGIffiT  FACE  SHOWIIJG  THE  CLGUD  CHA:-H*/ER,  THE  FLASH  T’.BES,  AliT  THE  GEIGER  COUI^TERS 


In  many  cloud  chatober  ar-angcT/^- •>tR,  atereoseopic 
viewing  Is  essential  In  experiments  of  this  type^  howeve-, 
stereoscopic  viewing  la  rot  a-*'  itrpjrrant  H^re  <^ne  deperis 
upon  t''e  statistical  analysis  of  a large  number  of  tracks,  and 
not  upo''  the  results  one  cr  two  unusual  events.  Stereo- 
s.’cplc  viewing  would  be  of  help  only  In  determining  the  angle 
the  particle  makes  in  traversing  the  chamber  T.he  left -right 
angle  la,  of  course,  known,  but  front-back  angle  is  not 
The  maximum  angle  which  a “rack  may  have  limited  by  the 
gelger  counters  These  are  twelve  inches  apart  and  have  a 
width  of  three-fourths  inch.  Thus,  the  maximum  error  in  a 
momentum  measurement  due  to  this  effect  'a  of  the  order  of 
6 percent.  The  average  error  l?  onslderably  leaa 

C.  Magnets  and  Cooling  System 

The  magnet  used  In  this  experiment  was  originally 
intended  for  use  In  aircraft  operation,  This  neceaeltated  a 
compromise  between  economical  operation  and  weight  Plate  VT 
Is  a view  of  the  magnet  core  and  coil  assembly  pi'lcr  to  as-^eir- 
bly  In  the  housing  The  magnet  coils  arc  wound  of  0 25  if  0 80 
Inch  copper  buss  and  are  contained  in  a steel  housing,  which 
also  serves  as  the  external  portion  of  the  magnetic  circuit 
The  magnet  weighs  two  thousand  pounds,  the  weight  being  about 
equally  divided  between  copper  and  steel  To  achieve  a field 
of  8200  gauss  a current  of  800  amperes,  giving  1.7  * 10  ampere 
turns,  la  required.  The  power  dissipation  la  then  32  kw. 
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The  cooling  s uti  *2*^s  Voccf-'t.  feed  of  transformer 
oil  The  oil-flow  path  has  been  restricted  by  a system  f'f 
bai'fLes  so  that  there  js  in  'low  pac^  ail  sur'a'ea  o' 
ccppei  The  transformer  oil  is  then  cooled  in  an  oii-water 
heat  ex. hanger  An  oil  ^Icw  - f H>>cut  s*xty  gallons  per  minute 
*a  used.  With  this  metnod  of  '-oollng,  current  densl»'ies  of 
7000  amperes  per  square  Inch  of  ccppe”  can  be  used  continu- 
>v!jly  To  obtain  a field  o*'  biOO  gauaa,  a cur.rent  density  of 
4000  amperes  per  square  inch  of  copper  Is  necessary 

For  stable  operation  of  ^he  cloud  chamber  It  is  neces- 
sary to  maintain  it  ai  a constant  temperature  to  about  01 
degree  centigrade.  In  order  tn  a rieve  this  regulation  f 
long  periods  of  time,  the  tempera  ure  control  to  0.01  degree 
centigrade  is  requl’^ed  Temperature  control  Is  achieved  by 
maintaining  the  magnet  assembly , with  which  the  cloud  chamber 
‘5  In  Intimate  thermal  contact,  at  a constant  temperature 
With  the  present  equipment  tr.e  inlet  oil  temperature  Is  meas- 
ured by  noting  the  change  In  the  resistance  of  a copper  coll 
placed  In  the  oil  stream  The  change  < roil  resistance 

upsets  the  balance  in  an  a-c  bridge  which,  when  amplified  by  a 
Brown-type  amplifier,  drives  a spilt -phase  motor  controlling  a 
by-pasa  valve  on  the  heat  exchanger  The  valve  then  either 
opens  or  closea  In  such  a manner  as  t-^  bring  the  bridge  back 
into  balance..  This  system  provides  temper.ature  control  of  t.he 
inlet  oil  to  0..01  degree  centigrade  The  magnet  temperature  t 
Indicated  by  a second  Brown-type  recording  potentiometer  suit- 
ably altered  to  meaaure  the  changes  in  realatanoe  of  a second 
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coll  Plate  VII  gives  the  circuit  for  the  tewperature-ccntr'^ 

system o 

0.  Uniformity  of  the  Marnettc  Field 

The  magnetic  fl-^  ’ l at  the  c-  \ter  cf  the  gap  was  meas- 
ured as  a function  of  the  energlzlu.;  current  by  the  use  •(  i 
flip  coil  of  known  dimensions  and  a ballistic  galvanometer. 

The  ^vlvanometer  was  calib'^ared  b>  reversing  a known  current 
thre jgh  a standard  mutual  Indue ta*ce.  It  was  found  that  the 
magnet  began  to  saturate  at  rath^i  low  field  values  due  to  tn 
small  amount  of  ferromagnetic  nv.terlal  used  In  the  magne  i- 
path.  At  about  8000  gauss  satu*  -ion  la  nearly  complete,  and 
the  slope  of  field  versus  enet£,  nng  current  Is  such  that 
current  stability  to  3 p<?rceni  will  yield  field  stabllltv  o: 
about  1 percent 

In  exploring  the  fielc  off  center,  a bismuth  spiral 
was  used.  The  spiral  was  calibrated  In  the  center  field  rf  the 
magnet  where  the  field  had  p>‘evioualy  been  meatiured  in  a basic 
manner.  The  field  was  In^eptigated  for  considerable  dis*^nce^ 
both  axially  and  along  a horlxontal  and  vertical  diameter 
field  was  found  to  be  unlicrm  to  better  than  1 percent  over  the 
entire  illuminated  volume  if  the  chamber. 

B.  The  D-C  Magnet  Supply 

For  the  operatic  < at  Climax,  Colorado,  a motor-gener- 
ator aet  was  used  to  supply  the  current  necessary  to  energize 
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*;he  magnet.  The  generator  has  a capacity  of  100  kilowatts  and 
la  separately  excited,  coapound  wound  machine  . The  generate': 
cortrol  circuit  Is  given  in  Plate  VIII  The  generator  shcw^’l 
oorside'-able  fluctuations  due  to  the  large  day-tc -night  tem- 
perature changes  and  had  to  be  adjusted  several  times  dally. 

T’hr  magnet  current  was  recorded  continuously,  and  only  short 
1 iwf  variations  of  as  much  as  1 percent  occurred  during  the 
experiment . 

P.  Event  Selection 

The  event  selection  system  used  In  this  experiroen*  * 
considerably  more  complex  then  ne  ‘-ssary,  but  the  initial 
design  was  deliberately  made  quit  flexible  so  that  the  uni* 
coaid  be  used  for  many  other  experiments  It  uses  a threefold 
coincidence  circuit  of  the  Rossi  type  with  a resolving  time  of 
tnicroseconda.  Pour  anticoincidence  inputs  were  provided 
Sv,‘  that  It  would  be  possible  to  count  the  cosmic  ray  background 
rate  In  the  gelger  tubes  of  the  anticoincidence  t-^ays  durlof  a 
ruHo  It  has  been  found  that  up  to  four  c:»>iger  tubes  may  be 
connected  to  one  anticoincidence  input  and  still  allow  for 
checking  the  operation  of  the  gelger  tubes  by  counting  the 
cosmic  ray  background  rate  for  a reasonable  length  of  time . 
li  more  than  four  tubes  are  connected  to  a particular  input. 

It  la  difficult  to  tell  if  one  of  the  gelger  tubes  Is  courting 
too  high  or  too  low,  since  the  effect  is  mssked  by  the  normal 
counting  rate  of  the  remaining  tubes 


MOTOR  GENERATOR  CONTROLS 


Plate  IX  show*!  the  B^he»"aMc  d;agram  of  the  event 
selector.  The  upper  left-hand  corner  shows  the  antlco.l.ncldenre 
pre -amplifier . Four  Identical  ujiita  are  us'^d  upper 

middle  section  shows  the  coincidence  pre-ampllfi'  x and  the 
Ko'^j.i  ivpe  coincidence  tut  e T!>rv  •*  lden*ical  units  are  used 
A:*er  amplification  the  antic  * nc i dence  pulses  are  received  by 
the  Cintlcolnc idence  mixer  and  pulse  shaper.  After  being  prop- 
er ;y  shaped  they  are  then  fed  ♦•c  '■he  anticoincidence  blanking 
pulse  generator,  which  generjres  ? five -microsecond  blanking 
pulse.  Unlike  a urivibrator,  this  generator  can  be  retriggered 
during  a cycle,  and  hence  there  Is  no  electronic  dead  time 
pulse  rejection.  The  colncid*'nce  pulse  which  was  derived  *n 
the  Rossi  type  coincidence  clrcu*  is  then  fed  to  the  coinci- 
dence delay  unlvlbratoi*  This  was  done  In  order  to  Insure 
positive  blanking  of  the  coincidence  pulse  In  the  anticoinci- 
dence mixer.  The  coincidence  puisp  is  delayed  here  by  two 
microseconds.  Thus,  In  an  event  in  which  both  the  coincidence 
geiger  tubes  and  the  anticoincidence  gelger  tubes  are  actuated, 
the  coincidence  is  recorded,  and  at  the  same  time  the  blanking 
generator  starts.  The  coincidence  pulse  is  then  presented  to 
the  mixer  after  a delay  of  two  microseconds  and  lasts  only  1.6 
■Icroseconds,  insuring  that  the  five  microsecond  blanking 
pulse  has  an  overlap  at  both  the  first  and  last  of  the  coinci- 
dence pulse..  The  actual  "C-A*’  mixer  is  of  the  Possl  type  The 
pulse  output  cathode  followers  .re  shown  at  the  bottom  center 
of  the  soheaatic  diagram.  Switching  details  and  power  supply 
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oonnectlona  are  shotm  at  the  far  I’ight. 

0.  Cloud  Chamber  Control  Unit 

The  cloud  chamber  control  unit  shown  In  flate  X must 
provide  for  the  followi'ig  functions: 

1.  Expand  the  chamber 

lo  Turn  off  the  clearing  field 

3. "  Actuate  the  flash  lamps 

4.  Rewind  the  camera 

5.  Record  the  expansion 

6.  Sterilize  the  unit  so  that  no  further  expansion  -^ay 
take  place  until  the  clcuC  namber  has  recoverea 

7.  Provide  for  manually  pulsl  g the  chamber  and  provide 
for  Interlocks 

The  cloud  chamber  cor.trol  circuit  is  of  rather  standard 
design,  In  order  to  properly  sequence  the  cloud  chamber,  sev- 
eral timing  delays  are  derived  from  timing  unlvlbrators-  The 
Input  trigger  thyratron,  shown  in  the  upper  left-hand  corner 
of  the  schematic  diagram,  delivers  a positive  palse  from  Its 
cathode  which  triggers  all  further  operations  of  the  cloud 
chamber  control  circuit.  The  first  four  tubes  In  the  middle 
row  of  the  schematic  diagram  are  timing  unlvlbrators.  Their 
time  of  operation  Is  computable  directly  from  the  time  con- 
stants Involved.  Thus,  in  the  first  stage,  tube  number  four, 
a time  constant  of  0.3  microfarads  times  two  megohms,  or  one 
second,  produces  a timing  pulse  of  one  second  duration.  The 
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third  Is  a ^ ^ - i , j:'.  } >■-  '■_'»*>'  •%  1 i;- .,;j.  - 

i,.-  .....  ^ ' , ‘ • . - ■■%::, 

t ub«>  ’ ■ . \ 1';  •■  • ,• . - ■'••  : : ; • ’ ' ' * r i ■ ■ 

dl  * • • ' i ' ■'■■/  • • 't*  i • • ■'.''■'-r' 

■ ;ionG  1 • -Ilf  ..'.•I''  ‘ 1 z ■■  v'-  ■ ■ wrv:; 

IS  ’"•?ress*rv  to  a 1 ' . >•  • <-'••.  im'--  • ^ tack  r ■'■ 

• c-aif  ion  a : ■ ■ • \<\  ' ' 

Tw  r ■-■.♦■  po-' ! or  a of 

alroe  t hey  conta'*'  acTe  ' 1 -...ua : :•  n-oa  ,'n  - • - ■- cr 

rewind  system,  tute  rvAfc.b*;'  el*  von,  app^^ars  on  * t'o  ■'rn"  ' 

of  the  schematic  dlagroam  ."*  :•*  n*'  Is  vs.-en’ ; -,i  • i.iy 

scale  circul"  . navinr  >:•:*;  i,-  .n:.  , titt.-'r  c cmplex i on 

stable  in  inu:. . •••  ■ acv.  •. ->  n>c'.or  I3  p,  1 red  .and 

remains  enrrr.'i'  nr.t  : . .■  .•  ■.  wo  io.i  over  .on-  2'- a-n*.  , I.'"': 

- otrcl'='xi  * y Is  necessary  beraus-  if  • far*  tha*  * .ai-r-a 
Kctor  Is  about  ten  times  as  slow  when  placed  ir'  ’to  tr:*^v 

field  of  t.t"o  magnet,  its  no’'n*al  position,  is  wt--  - ’ . i t.; 

r ;n  1 r.  'T>s-;-ntlali y f le  t d • t '*•.  >:  spa  :- 

The  phot. o-t'l ash  ’;in'e'’  shown  on  the  ;ow»»  •igh’;  of  fne 
BChematir  diagram  ’3  also  o.'"  •;*♦•-''.■  Tim  j \ S I r IF  *- 

hundredth  of  e second  to  tni’’-y-two  .•’  unn’-ed*- hs  c *'  a or  .,  ..  ar 

be  achieved  by  the  us*^*  of  f 1 v*»  t *.KStl;  aw  it  her.  'tv.,  3.-. 
arranged  in  binary  t*  •■-■n  it'o  the  .irna'*.f*'‘  i-l.',;?.  •'  ■. 

are  additive.  Thus,  if  a i-  .1  ay  of  e:ev^n  V'^-ii'-«=*dt  ■> t o*' 
second  la  required.  'Mird-?"  tw-  yt.c  ^ou:  i.>,'  cl 
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:n  ar.  op-':at.lng  position  Thf-  < ' one  .buntrec”:.  of  a 

second,  two  hundredths  of  a second,  and  eight  hnni’": '■f 
■^•^cond  are  then  add’tlve  13  lntCTe^^’^e  to  ’''"-t.*  * '^r:  tot 

capac:*-  ’ of  the  timing  condenriera  In  mi<’ ’*oo%r-g,dp.  : • * ^ 
the  tltr.^  delay  In  aecondo 

An  auxiliary  high  voltage  supply  39  r*'ovid‘ri  f ire 
pc  atlon  of  the  photo-flash  lamp&  Since  this  supply  :? 
equlred  to  furnish  2500  volts  from  a bank  of  capaciic’-s  of 
128  microfarads.  It  la  an  extremely  dangerous  unit,  and 
special  precautions  are  necessary  to  safeguard  personr<^j. 
Interlocks  and  special  connectors  have  been  providef^ 

H.  The  Program  U».t 

Although  only  one  '■loud  chamber  and  magnet  we*-e  used 
In  this  investigation,  there  are  actually  “wc  Ident^c^l  magnets 
'ind  tharabers  mounted  In  a common  frame  The  elertron:*  -1r- 
cuits  were  designed  so  that  both  units  could  be  operated 
Minultaneously , either  on  separate  experiments  cr  f>n  ore 
single  experiment  utilizing  the  two  ur’*-s  togethe'-  This 
feature  made  necessary  a program  unit  which  could  bo  used 
to  Interconnect  the  two  units,  if  It  seemed  desirable. 

In  addition,  there  are  three  central  facilities  neces- 
sary for  the  operation  of,  and  recording  of  data  from,  an 
event  selector.  In  Interest  of  economy  of  space  and 
materials,  the  program  unit  was  designed  to  supply  these 
facilities  to  both  event  selectors.  The  program  unit  sefemd*:*  : 


ilagram  I;-,  giver',  in  i f a<: . ' ’ .es  auppliei.  to  th6 

?vent  sp  1 ec ora  gc-igei  '■cun*', '•  vni'-ag<=.  «»  counting  cir- 
cuit ter  c'b*ain?r.,'  ■ - 1 . ..n'i  .os'li  ’■Ay  c'^unt.ing  rate  of 

the  g*?'  'C  I.  ub-"'i,  -n'i  r-'.e u '>»-•(•?,  I rc-gi 3*'er3  ’ recording 

the  nu'C'  ‘ , i: ; n.'  I'i'.i  --.i  ,«•.><  '.•r'’*'!-;  icP'; -ml  u'is -ant  Ic  otncl- 
dence  puia-a  ‘ th.  uni* a,  only  t.he  gelger  counter 

voltage  5ur>r',  la  * imereat  to  warrant  a detailed 

discussion 

The  gelger  -our.--’-  ''ol'age  supply  13  oh  the  radio- 
frequency ‘ype  and  use:,  a apecla’lv  constructed  coll.  This 
coll  has  a "'<«condary  'nilng  w.h*c''  ( onalsts  of  six  separate 
”ples."  i3  n*-  '>.  a.aarv  to:  .•ju’^.-  < ♦ ,-elatively  high 

radio- fi  e-iuen  • V v.  :•  .g.  ; -ipp-ui'if  a.  ross  this  coil-  Also, 
the  fllarc*^!  v..i-  f • • high  voltage  ’•ectlfler  comes  froB 
this  co‘ ’ "v'.xn  ,4.T  g'lg^•••  vclT-age  cbtalnaM*=  has  been 

Iloilted  so  t.har  che  gelger  tubea  wi:''.  nor  be  damaged,  should 
the  supply  accidentally  be  turned  too  high  Without  such 
limiting,  a maximum  voltage  of  160C  volts  can  be  obtained. 

The  limiting  voltage  la  l^?b  volts  ?bo  meter  used  for  deter- 
mining the  voltage  has  a -lif ferential  scale  In  addition  to  a 
0-2500  volt  scale  This  scale  goe.n  friptr,  one  thousand  volts  to 
fifteen  hundred  voMs  ;»nr  permits  the  gelge*'  tube  voltage  to 
be  set  within  flvv  vo  • 3 .Tuch  a ocheme  la  Invaluable  when 
measuring  the  plateau  ■ *ne  geiger  "ubes  In  order  to  protect 
personnel,  t.he  gelge*-  nuppiy  has  a maximum  current  output  of 
less  than  ton  mil  1 ' ampoxp.i , v*oich  Is  - *"ac  to"  of  two  less  than 
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"let  go"  current,  and  ^ ^ac‘cr  o*'  rj-rc.  i-?3s  than  lethal 
current..  This  Is  possible  because  the  gelger  tubes  require 
very  little  currer ^ 

The  binary  scales  used  in  the  progratr  u-'t  are  of 
special  design  Thel'  l •>.  given  in  Plate  XII  As  can 

be  seen,  these  are  packaged  b*:iary  scale  systems,  and  they  are 
constructed  on  an  octal  socket  base  These  scales  are  extremely 
stable,  and  thus  far  have  given  no  trouble  So  far  is  is 
known,  these  scales  are  the  only  binary  scales  which  can  be 
constructed  without  the  necessity  of  a tailoring  process. 

X.  The  Qelger  Counters 

The  gelger  tubes  used  in  his  investigation  are  of 
ordinary  glass-envel'^pe  construction  with  a cathode  of  copper 
tube  and  an  anode  of  five -mil  tungsten  They  were  constructed 
by  this  laboratory  for  use  In  these  experiments  The  cathode 
Is  six  Inches  long  and  has  a diameter  of  three -fourths  of  an 
Inch.  This  gives  an  effective  area  of  thirty  square  centi- 
meters. The  tubes  are  filled  with  a ralxtu’'e  of  90  percent 
argon  and  10  percent  petroleum  ether  by  volume  to  a pressure 
sufficient  to  bring  the  onset  of  counting  at  about  II80  volts, 
and  a plateau  center  of  about  I3OO  volts.  No  measurements  of 
tube  life  have  been  made,  but  it  has  been  found  that  the  tubes 

Q 

need  refilling  after  about  10^  counts..  The  plateau  is  about 
300  volts  long  with  a slope  of  less  than  3 percent. 
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Location  and  Irqnpo'  tition 

'^>^13  investigation  was  carried  out  in  th*  fall  of  1948, 
♦•he  expedition  leaving  Seattle  Augutit  To  transport  the 
apparatus  . large  radar  truck  and  trailer  waa  obtained  from 
the  Navy,  and  the  main  equipment  was  mounted  on  It.  The  aux^ 
lliary  equipment,  in: lading  a large  squad  tent  for  storage  of 
equipment,  and  equipment  for  camping  were  transported  on  a 
1-1/2-ton  Dodge  truck  Power  generating  equipment  was  trans- 
ported on  a 2-1/2-ton  CrMC  A gas  trailer  and  tanker  to  be 
used  for  transporting  and  scoring  gasoline  and  diesel  oil  for 
the  generator  was  also  taker,  ale  ^ with  two  other  vehicles,  a 
1/2 -ton  Dodge  pickup  and  a Jeep  for  use  In  transporting  small 
supplies  and  personnel.  This  transp  rtatlon  equipment  can  be 
seen  In  Plate  XIII 

Al'nough  considerable  preliminary  Investigation  with 
the  cooperation  of  the  United  States  Forest  Service  had  limited 
the  number  of  possible  locations,  the  final  decision  as  to  the 
location  was  not  made  untl 1 a thorough  investigation  by  the 
members  of  the  expedition  could  be  made  of  such  places  as 
Independence  Pass  (el^-vat.lon  12,280  feet)  It  was  finally 
decided  to  locate  on  Fremont  Pass,  Climax,  Colorado,  at  an 
elevation  of  11,380  feet  Although  not  as  high  as  Independence 
Pass,  the  Climax  Molybdenum  Company,  located  on  the  pass, 
offered  supply  the  necessary  power  and  water  in  ample 
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quantities  and.  In  ad  itlon,  prcvided  living  accooimodatlons  at 
the  hotel  used  by  the  bachelor  miners.  They  also  offered  the 
use  of  the  machine  ahopa,  should  extensl’e  repairs  be  necessary, 

4bout  a -leek  *»aa  required  to  set  up  the  . ^uipment  and 
provide  space  in  the  ten*  for  routine  ch. cks  and  repairs  on 
the  instrumentation  Tne  Climax  Molybdenum  Company  was 
extreuely  helpful  in  getting  the  electrical  and  plumbing  work 
done  quickly  3o  that  we  could  ge*.  into  operation  without 
delay,  fower  was  supplied  fr^u  a 4k0-volt  three-phase  trans- 
former bank,  and  the  water  supply  was  obtained  from  the  main 
mill  water  line.  Since  the  water  supply  had  a large  po?'*^iv«» 
held.  It  was  unnecessary  to  use  p mps  to  circulate  the  water 
through  the  h^at  exchanger  Plat  xiv  is  a view  of  the 
location,  and  Plate  XV  is  a view  of  the  radar  truck  showing 
the  magnets  and  other  equipment. 

B.  Experimental  Procedure 

The  ultimate  aim  of  the  expedition  was  to  measure  the 
momentum  spectrum  of  the  cosmic  radiation  at  altitude  under 
various  thicknesses  of  absorber.  The  experimental  arrangement 
used  la  shown  In  Plate  XVI  Oeiger  counters  were  placed  above 
and  below  the  chamber,  deflnir^g  a cone  of  about  one-thirtieth 
ateradian  solid  angle  and  having  an  area  of  thirty  square 
oentlmeters.  The  gelg^^-  counters  were  arranged  so  that  none 
of  the  magnet  was  Included  In  this  solid  angle,  The  colnei- 
daBoa  counters  are  ahcwn  at  position  "A."  Antlcolnoidence 
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counters  are  shown  s‘  rosl tior  "B”  and  w^re  used  through  about 
half  of  the  experiment  in  ''rde”  to  Oiimlnate  shower  events 
Thfc  varlcua  thick'*'>es'’es  * i--,  ’ jt'sorber  were  pl>.cf‘d  the 

upper  count-'-,  -.no  ’ : ve  - rent  imet  er  Mocif.  oeing  dlT-^-tly 

above  t^e  upper  colnc lit  t:- »r  roun’^o*',  an'l  an  addttlonai  h^fteen 
centlmeterj?  being  >'ej  ihovo  r^e  entire  asaembly 

The  coincicence  counting  rates  with  field  on  and  field 
ofi  are  givci  in  Tab-e  i fo**  t<ie  three  experinsental  arrange- 
■ents  used. 


TABLii  I 

Coincidence  Counting  Hates  ' r,  ^ ounts/ second 


Field 

No  3bscrb»»' 

t. 

' lead 

20  CB 

1 lead 

off 

0 

0 

030 

0 

0S3 

or. 

0 03U 

0 

02B 

0 

023 

The  ratio  of  ?:1  of  the  no-absorber  rate  to  the  ?0-cm-Jead 
rate  (with  the  field  off)  is  Just  ‘he  raMo  of  t-e  total  to 
the  hard  component  at  this  altitude  given  by  Possl  The 
agreement  must  be  in  part  fortuitous,  since  the  two-counte’" 
telescope  used  was  hardly  adequate  for  a reliable  rate  deter- 
mination. With  no  absorber  above  the  telescope  the  field 
shows  a strong  effect  ’'educing  the  counting  rate  from  0.02*^ 
to  0,034  counts  per  aecond  This  reduenen  corresponds  to  the 
large  numbers  of  low  energy  electrona  whose  momenta  lie  below 


),hc  magnetic  cu+’off  c*'  th<=»  equipment  us^r'i  As  explar.ried  later, 
this  cutoff  comes  at  a momentum  of  fifty  Mev/c  In  the  n-30 
of  twenty  centimeters  ef  ihovp  pa'.ber,  the  magn<rtir 

field  no  measurable  effect,  Indicating  ’■hat  he  radiation 
passing  ’h^co^n  the  ?0-cn  lead  bl-*'ck  does  not  contain  many  low 
momenta  particles  '^''’.5  13  Ir  accord  wl*^h  the  established 
notion  that  passage  through  an  absorber  tends  tc  '’harden”  th^* 
racilat  ' on  Actually  what  --.app^  ns  Is  that  t ne  electrons  are 
removed  by  ca-'ade  showers  and  the  r'>sult:ng  mesons  are  quite 
penetrating,  hence,  although  the  meson  energy  has  decreased 
slightly,  the  absence  of  the  electrons  gives  a net  effect  c** 
asking  the  radiation  more  penetraing, 

C.  Data  Taking 

Aft‘ r t>'0  oqMproent  was  thoroughly  checked,  seven  rolls 
of  h;  iri  (450  frames  per  rcil’^  were  taken  with  no  absorber  above 
the  chamber,  and  with  the  magnetic  field  at  10,000  gauss 
After  examination  of  the  photographs.  It  was  seen  that  the 
chamber  had  considerable  turbulence  along  its  periphery.  The 
field  was  reduced  tc  8200  gauss,  and  turbulence  effects  were 
found  to  be  negligible  The  remaining  thirty-two  rolls  of 
film  were  taken  at  this  reduced  field  strength.  Fourteen  rolls 
were  taken  with  no  absorber  above  the  chamber,  eleven  with  five 
centimeters  of  lead  above  the  chamber,  and  only  sever,  witr. 
twenty  centimeters  of  lead  above  the  chamber.  Throughout  the 
•xperlaent  the  magnetic  field  was  occasionally  changed  In 
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lireclion  so  that  any  asymmetry  In  the  r^-iiaticn  brought  about 
by  the  field  could  be  checked.  Data  also  were  taken  with  and 
without  the  antlcoir.cllfcr.ee  circuit  ti*  check  its  '“ffect. 

No  real  Ilf f Icultles  were  encountered  ex*  epr  for  a 
two-day  lust  storm  and  the  inevitable  snow  near  the  end  of  the 
etay  at  Climax.  The  final  thirty-two  rolls  of  ^lltn  were 
:.xposed  In  the  thirty-two  days  from  October  3 to  November  3. 
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Several  o’'  '■  -»-.'i'  ' it.  <'.urv - 1 ar»: ^ i'love 

been  v.:»r'i..u5  ir%«n;.ar ig,ar,or 3 A method  etepl'^yoi  by 

Anderao*  i ••  ; using  a ’■raveling  m3 c " scope  In  which  the  ccordi- 
uates  at  various  pol  -’s  along  measured  ani  used  to 

compute  the  curvature  lu  quite  time  consuming,  and  not  partic- 
ularly adapted  to  ’he  measurement  cf  a large  number  of  tracks, 
■uch  as  one  obtains  In  the  measurement  of  the  momentum  spec- 
trum An  optical  method,  due  crlglnaUy  to  Blackett 
although  capable  of  yielding  quite  precise  measurements  of 
track  curvatures,  la  not  useful  w’"'  curvati.<rci>  small 
and,  hence,  is  unusable  fo»-  *:  e 1 wer  momenta  obtained  In  trio 
Investigat  ’ pu.  in  th*>  :nrpr?3t  of  simplicity,  but  at  the 
expense  oi  de.reasel  r uoiutl  u at  the  high  momenturo  erd  of 
the  spectrum,  a comparison  T*‘*thod  was  chosen  for  measuring  the 
track  curvatures  in  this  exp^^rlaent. 

In  order  to  compare  the  cloud  chamber  track  wi’h  a 


standard  arc,  a machinist’s  ^ench  compare’- •*'  was  alte’-ed  sc 


that  the  3^-®m  photograph ^^uld  be  projler.ted  on  the  ground 


glass  screen.  Plate 


./ 


picture  of  the  ccmparatcr  as 


altered  for  thia  use/  a carriage  was  provided  for  the 

/' 

comparator  as  me;/  ss  a meah»  for  moving  the  film  holder  so 
that  the  prohj/^^ed  tri-ck  could  be  rotated  to  a hori  ^..'ntal 
position  /'n  the  screen  The  entire  optical  ayatera  was  sue’’ 
that  projected  Image  was  the  alz>»  of  the  < loud  chamber. 


I 


1‘lcult  to  observ»„  rte  Ic9hj:^s?>  fit  unless  the  arc  Is 
placed  over  t^i<=  ^’■ack  to  h-  rneasured.  and  then,  ol  course, 

the  tr^rk  • be 

Twenty-four  stanfaro  arts  wr  ^e  used  In  tri5  anal;, sis, 
ranging  from  0 3 to  lO  meters  radius  Tne  ralial  inrremen’^ 
between  su^cesalve  arcs  was  not  constant,  but  increased  in  an 
exponential  fashion  except  at  the  smallest  rslii  of  curvatu’e. 
Since  the  curvature  of  a track*  can  be  either  very  <*  lose  tc  one 
of  the  standard  arcs,  or  can  lie  in  between  any  two  of  them, 
there  are  forty-nine  posslbl lltle j for  a particular  measure- 
ment. The  curvature  and  its  sign  were  recorded  for  all  tracks 
meeting  selection  crvoria  describ'd  elsewhere. 

In  order  to  make  the  measurements  Independent  of  tho 
optical  enlargement,  ■-omparison  arts  w«re  pre}>ared  from  the 
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itanderd  curves  through  the  3*:;quence  or  operations  followed 
In  obtaining  the  projected  tiinage  of  a cloud -chamber  trsck 
Thus,  the  standai  ^ arcs  were*  first  photographed  unaer  condi- 
tions ' -^vailing  when  photoggraphing  the  chamber.  The  resulting 
35-nmi  ryt^ativ-e  was  ther<  pro.Jected  In  the  comparator,  exposing 
a photographic  plate  placed.  In  the  poaitlon  normally  occupied 
by  the  ground  glass  screen.  Since  the  sequence  of  optical 
operations  had  been  the  sam*'e  for  the  comparison  curves  and  the 
oloud  chamber  photographs,  * no  further  Information  regarding 
the  optical  system  was  nece  saary  for  a track  located  In  the 
center  of  the  chamber  and  h.^vlng  a positive  curvature. 

Each  step  In  the  pz*  oceaa  outlined  above  waa  thoroughly 
checked  so  that  systematic  error  could  be  avoided.  Several 
of  the  standard  arcs  acrlbe  d on  the  Aquadag -coated  plate  glass 
were  examined  by  means  of  a.,  traveling  microscope  to  insure 
that  the  Evans  linkage  syst;.;.em  was  operating  properly.  ^Iso, 
the  optical  system  was  exanaslned  to  be  sure  that  a straight 
line  remained  a straight  11  ne  and  that  there  would  be  no  dif- 
ference In  the  measured  val^ue  of  a traeV  ^ f It  were  turned  over 
•0  that  It  had  a negative  esurvature  rather  than  a positive  one. 

In  order  to  check  tt^he  consistency  of  the  measurements 
a group  of  several  hundred  tracks  were  measured  by  several 
different  observers.  The  SLndlvldual  results  were  then  plotted 
against  each  other  »s  ebsemssa  and  ordinate.  For  perfect  con- 
sistency all  points  should  have  bean  on  a line  of  slope  one 
passing  through  the  origin.-  In  the  actual  plot  a symmetric 
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dlstribuulon  about  t-hls  line  obtained,  which  indicated  a 
conalntency  of  better  than  10  percent  for  curvatures  less 
than  about  th»ee  and  a half  metera,  becoming  progressively 
worse  higher  values,  until  at  ten  meters  the  error  was  of 
the  order  of  three  rneterr 

The  radius  of  curvature  of  a particle  is  related  to 
Its  momentum  by: 


p = 300  B r, 

where  p Is  the  momentum  in  electron  volts  divided  by  the 
velocity  of  light,  B is  the  magnetic  induction  in  gauss,  and 
r la  the  radius  of  curvature  in  centimeters  The  field 
strength  used  in  this  investigat"  n was  8200  gauss,  and  hence 
a curvature  of  one  meter  may  be  taken  as  corresponding  to  a 
■omentum  of  230  Mev/c . 
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V SEI£CTION  OV  tracks  FOR  CURVA'IURF  MEASUREMENT 

In  order  to  elaminax^  ^i\e  soft  component  froT  the 
moment  i")  speclruro  as  nearly  as  possible,  only  those  tracks 
which  occur'^ed  singly  in  the  chamber  were  used.  Tracks  which 
were  accompanied  by  obviously  post -expansion  or  pre -expansion 
tracks,  however,  were  not  excluded  A few  singly  occurring 
tracks  were  not  at  su;.u  an  angle  as  to  definitely  indicate 
counter  control.  Such  tracks  were  not  Included.  The  fact 
that  very  few  such  tracks  occurred  indicates  that  the  tuijorlty 
of  tracks  were  counter  controlled  and,  because  of  the  geometry 
of  the  system,  could  not  have  originated  In  the  chamber  wall 
or  surrounding  material. 

About  6i'  percent  if  ai]  pictures  taken  showed  singly 
occurring  rn-a. c.s.  Because  of  the  large  number  of  tracks 
available,  only  the  longest  (fifteen  centimeters  out  of  a 

possible  aeventeen  centlmetera)  were  chosen  for  measurement. 
About  70  percent  of  all  singly  occurring  tracks  were  this  long 
or  longer.  Thus  onlv  tracks  long  enoup"'  good  curvature 
measurement  were*used,  and  those  passing  close  to  the  chamber 
and  aubjeot  to  large  turbulence  distortion  were  avoided. 

The  subgroup  of  particles  thus  selected  should  not  be 
different  from  the  total  body  of  data,  and  tracks  measured 
forn  a distribution  reni  esentatlve  of  the  non-elec tronJ c radi- 
ation. In  moat  air  showers  not  more  than  one  electron  would 
be  expected  to  be  incident  on  the  small  croas-sectlon  of  the 


49 


chamber  ( thl’"ty -f  Ive  I'.quare  cent  imeterfl^  However,  the  chamber 
wall  and  the  upper  gelger  counter  conatJ 1 ute  only  a small 
r^’action  of  a radiati-.n  leng'.r,  ''trie  dtatance  in  a very 

fast.  e'<‘-^  tron  loses  a fraction  (1  e I of  jts  • •''o'  gy  by 
radlati  ..  and  an  ele-''.*.  w ’ I ’ not,  in  general  initiate  an 
electron  shower  in  passitig  t. tiro  ugh  thorn  Tlius,  with  no 
absi-'rber  above  the  ohamler,  large  numbers  of  singly  occurring 
low  energy  electrons  will  be  included,  On  the  other  hand, 
with  five  centimeters  tf  lead  above  the  ohambec,  electrons  of 
energy  sufficient  to  penetrate  t;.e  absorber  have  a high,  prob- 
ability of  initiating  a cascade  shower  and  will  bo  recognt i*'='d 
by  the  multiplicity  of  pa’-tlcles  .cc.a:-::ng  m the  ch*ambe’' 

This  is  clearly  shown  tc  i>?  thf  c se  f’*oin  the  resulting  data. 

One  furth.er  precan  ion  was  taken.  It  sometimes  hap- 
pened that  .Ji  tne  end  of  usability  of  a particular  chamber 
rnur'g  the  chamber  would  go  out  of  adjustment  slightly 
between  observations,  giving  rise  to  tracks  which  were  not 
sufficiently  dense  to  measure  easily.  In  this  case  either  the 
whole  roll  of  data  was  rejected,  or.  If  the  number  of  tracks 
thus  affected  was  not  large,  a complete  block  of  expoaures 
including  all  tnose  of  doubtful  quality  was  eliminated.  In  no 
ease  were  single  frames  discarded. 


VI.  THE  MAGNt'TIf’  CT:'''‘PK 

Th^  ’owofold  r- • p'- vierif.,'  ’.rlggrlng  arrangemenc  «!’:*■/ 

'!Ount».  abpve  an^i  b‘?low  t.ne  chamber  has  the*  of  dls- 

crlmlna  ing  against  lev*  inome''.’ *ini  particles  BeJ^v#  the  minimum 
Luvnentum  a particle  wll^  Do  h:  severely  curved  that  lo  matter 
what  the  position  of  entrance,  or  the  angle  made  with  the 
vertical,  the  particle  will  not  be  able  to  enter  the  lower 
gelger  counter  . In  orde''  to  estimate  the  effect  of  the  mag- 
netic cutoff  and  obtain  the  magn;  :.a<ie  of  the  effect  for  par- 
ticles having  momenta  higher  than  the  minimum  momentum 
required,  this  effect  was  .;ompur  - A giaphlral  method  o' 
computation  was  used  whlcn  took  1 ■ o account  the  length 
criterion  ol  track  select 'on  aa  well  as  the  couriier  geometry 
used-  In  chT  orrput?vi,on  it  was  assumed  tnal  the  m.ignetic 
field  e:<tended  to  the  counters  In  full  .strength.  Actually,  in 
ths  two  inches  between  the  counters  and  the  chamber  the  field 

decreases  quite  rapidly.  It  was  further  assumed  that  the 

2 

di&trlhutlon  In  zenith  angle  obeys  a law,  A decrease 

2 

of  intensity  with  zenith  angle  leas  than  (cosine)  would 
result  In  a smaller  e.^'fect  for  the  magnetic  cutoff  above  the 
minimum  momentum,  while  a more  rapid  decrease  in  Intensity  with 
zenith  angle  would  give  a larger  effect.  The  latter  cane, 
however,  has  a small  probability  for  the  relatively  low  momenta 
considered  In  the  computation. 
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The  result 8 o*  the  compufstlon  show  a complete  cutoff 
at  50  Mev/c.  The  trananlsslon  rises  rapidly,  so  that  at  :’0^ 
Mev/o  the  decreas*"  In  Inuenc.iiy  is  only  It  percent,  and  at  15O 
Mev/c  ‘-'xe  attenuation  is  nefcilglble..  The  moroentutn  spectrum 
found  w: tn  no  absorber  above  the  chamber,  In  which  many  low 
energy  electrons  are  present,  shows  the  effect  of  the  magnetic 
r.utol  f at  the  predicted  momentum  and  constitutes  experimental 
verification  of  the  analysis.  Within  the  statistical  uncer- 
tainties Involved  In  determining  momentum  spectra,  the 
observed  Intensity  above  100  Mev/c  la  considered  to  be 
unaffected  by  the  aagnetic  cutoff. 
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j 

1 
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In  thr*  sladv  o’  cos'j.:(  riei  tht  absolute 

lnt.ens'''^-3  o;'  •?>  vi!-o.,a.,  .lomponents  oi  the  /ad* -‘ion  play  a 

role  .i;  p-'ln'H  itrpoiia’KO  T''*-  ; ”'-'.0 . ui  t li.terisity  of  a pa’^tlc - 

■i'lar  romponet\t  Is  usu  Z.  .y  g)''-"  as  the  flux  of  part'cles  of 

that  componeoi  in  pariloles  per  second  passing  through  a 

du'.’ia'e  of  one  squart.  •,  eui  linet e:  per  sier'aiian  for  an  Infln- 

itealfcai  solid  angle  The  data  of  an  exper’i^ent  are  usually 

confer  :<-d  absolute  units  by  computing  a normalizing  factor 

for  the  experimental  arrangement  and  then  multiplying  tr^:- 

counting  rates  by  tills  norma’.  Izat  factor  to  arrive  at 

intonsliies  In  Dbaciu-t  uni;  s 

The  dimensions  of  t h.?  rat e -determining  elements  used 

In  this  *:xpp'  .T'  lii  A?  e au  foilowB; 

Area  of  golger  counters  30  sq  cm 

Mean  distance  between  counters  30  cm 

Thus  tne  area  is  tnlrty  sauare  centimeters,  and  ’he  solid 

angle  l.ucluded  Is  one -thlr»  it- th  si-vadf  u.’.  ’'r-  - ormalizatlon 

2.  -1 

faotor  for  the  equipment  Is  then  about  one  (steradlan  cm  ) 
Since  the  estimation  of  the  effective  area  of  a gelger  counter 
l8  subject  to  error^  Inv'jlvlng  the  end  effect  and  also  the 
mean  path  length  of  a parrlcie  through  the  counter  whU  x con- 
tributes to  Its  effi:1‘='n- V,  a direct  meaeureroent  of  the 
affective  area  of  a amal  1 1'  cunter  19  difficult  . Thus  a second 
normall  zai  ion  method  w is  explored  ?liv  e the  coincidence 


telescope  used  Ir  ihl'.  tnvt*s' ig'tion  h:i.^,  or'ly  two  elements, 
the  countlnp;  ’’atea  obtained  with  it  cannot  be  >^oropared  directly 
with  pubilched  do’ a ot  • ue  Ka’*d  component  inte:ii>ity  it  this 
aitiio’  , rti3  xa  tru<-  because  a twofold  coincidence  train  Is 
not  at  '>1  eifec’lve  to:  rejecting  showers,  especially  at 
high  altitudes. 

Prom  -■»n  analysis  of  the  yield  it  has  been  established 
that  f>7  percent  of  tbe  pictures  taken  with  twenty  centimeters 
of  lead  absorbex'  above  the  chamber  were  of  singly  occurring 
particles.  Thus,  5»”  percent  of  the  counting  rate  of  the  coin- 
cidence telescope  under  twenty  centimeters  of  lead  corresp  nds 

to  the  counting  rate  of  tne  nard  rmponent,  when  filtered 

2 

through  232  gm/cm  of  lead.  By  c finlMcn,  the  hard  coroponerr 
is  that  .adiatlon  whtcr  has  passed  tnrough  167  gro/cm''  of  lead. 
In  crde’’  ’o  cwmparr  tne  co-.4nt!ng  ra.e  obtained  under  twenty 
e-*nti Ter ■ ers  of  load  with  the  established  intensity  of  the  hard 

component,  it  Is  necessary  .0  consider  the  correction  imposed 
by  vhe  additional  absorber  used  In  this  experiment  T.he 

p 

addlrlonai  aixty-flve  g«/cm  of  lead  1=  t oqulvaieni  of 
about  forty-two  gm/cm“  of  air  The  altitude  of  Climax,  Colo- 
rado, la  3.4  kilometers,  and  the  atmospheric  depth  is  680 

gm/c«^.  The  additional  five  centimeters  of  lead  used,  then, 

o 

Should  be  equivalent  to  forty-two  gm/cm‘  cf  sir,  giving  an 
atmosphe^’lc  depth  equivalent  to  720  gm/cm  . The  counting  rate 

•t  this  atmospheric  depth  for  the  hard  component  is  given  by 

—2  - 1 “2 
Rossi  as  1.22  X 10  counts  per  second  steradisn  cm  . T.he 


results  ol’  this  exper*i*ent,  when  corrected  for  a fifty-seven 

_2 

percent  yield  show  a counting  rate  of  I.3  x 10  counts  per 
second.  The  normal^  z-itr  on  facu-or  thus  obtained  la  .9^  ster*^ 
cb”*"  ”ne  normalization  obtained  when  using  the  data  for 
five  cei.timeters  of  lead  gives  very  nearly  the  same  reaui*  , 
but  because  of  the  larger  correction  necessary  to  convert  the 
’■igure  to  an  equivalent  absorber  cf  167  gm/cm*^  Is  not  consid- 
ered to  be  aa  accurate  as  ♦ or  the  twenty-centimeter  data. 

Since  statistical  uncertainties  In  the  r oi.iputat ion  are  of  the 
order  of  S percent,  the  normalization  factor  may  be  considered 
to  be  unity.  This  vaxue  has  been  used  in  computing  the 
spectra  of  this  investigation 
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VIII  SUITS 

A,  A Method  of  Ta'-'-ri  a*  ;<  i.  arc?  ' 1 :■?  *,  i ng 

I'he  f^xper  im».  .1?  a ; -iura  , measuremenT  c?  '.racks,  and 

the  cri“«rla  fc.*'  track  ca*  • -c i lor.  ,h?v(r  been  given  Of  the 

total  no'^-er  of  xhcsa:>r3,  only  about  4500  were  of  sufficiently 
good  a dllty  for  measurement  Three  thousand  of  these  satis- 
fic'd 11  o.»  me  requirement?  citel  earlier,  these  being  equally 
dlvl  ed  between  the  n^^-absorber  case  and  the  case  of  a flve- 
cec  meter  lead  absorber.  Tne  measured  values  c’'  the  tracks 
f'j'  a particular  case  were  grouped  according  to  the  sign  c'" 
tno  charge  of  the  particle  proluc  I’g  the  track.  This  was  not 
simply  the  sign  of  the  rurva*:ure  a viewed  In  the  comparator 
since  the  magnetic  fj-.  Id  waa  reversed  several  times  during  the 
course  of  the  ; uns  ‘ cn  possible  asymmetries  caused  by 

the  field.  The  sign  of  the  partl'-iP^,  as  deduced  by  the 
direction  of  the  magnetic  field,  was  checked  by  an  Inspection 
of  the  signs  cf  the  particles  producing  an  ionization  h nslty 
well  ;.0'-ve  minimum  und  having  a mcraentum  commensurate  with 
that  of  a proton  with  such  an  ionization  density.  Such  tracks, 
as  will  be  seen  later,  can  be  attributed  entirely  to  protons, 
and  hence  have  oivly  a positive  sign. 

In  plotting  the  data  for  a differential  momentum  spec- 
trum the  Intensity  is  r'ven  in  terms  of  particles  per  unit  of 
■omentum,  or.  If  normalized  to  absolute  units,  the  Intensity 
is  given  in  terms  of  the  flux  of  particles  per  unit  area,  per 


unit  time  per  unit  30  id  angl*?  pf*'  of  rocmentum,.  Mechan- 

ically the  computation  is  made  by  dividing  the  number  of 
particles  In  some  moment  am  in*e’’va]  by  the  magnitude  of  the 
Interv*''  expressed  in  te'-mg  o’"  the  unit  of  momen  u»  c.hoaen, 
and  the;  muV  ip,  ytng  by  i ^pprorr  lale  no’^mallzing  factor  which 
tekes  Into  acccu  .♦  f-'e  counting  rate  of  the  event  studied,  the 
number  of  pictures  examined  and  the  dimensions  of  the  event - 
selec  ing  pa’ t ci  the  apparatus  The  data  of  this  investiga- 
tion uere  obtained  in  terms  of  rallua  of  curvature  instead  of 
moR  itum,  and  hence  the  following  equation  gives  the  intensity: 


woere  r is  the  radius  Increment  i i meters,  M the  number  of 

particles  in  the  interval,  and  P oe  normalizing  factor-  In 

all  cases  the  normalizing  factor  has  been  computed  to  give 

-I  -1  -2  -1 

the  intensity  in  particles  sec  ster  cm  (Bev/c) 

Many  methods  of  plotting  the  data  havo  been  tried,  the 
nest  successful  one  being  a simple,  non-overlapping  plot.  The 
statistical  uncertainty  at  each  point  is  kept  small  by  choosing 
a rather  large  interval  containing  in  ’■he  order  of  100  par- 
ticles. In  order  to  keep  the  statist ica  fairly  uniform  In 
terms  of  their  percentage  variation,  no  attempt  has  be»n  made 
to  take  equal  Intervals  of  momentam  The  uncertainties  shown 
In  the  plotted  points  of  the  spectra  are  the  statistical 
uncertainties  and  do  r>«  reflect  the  other  sources  of  error, 
tuoh  as  the  uncertainty  in  momentum  measurement 


As  Indicated  -srller,  ^ ^ota:  of  forty-nine 

intervals  into  which  a particular  measurement  may  fall,  net 
counting  the  sign  A curva^^’  o was  ’■eoc'  led  as  b'^inpr  eqtial  to 
the  curvature  of  a stanlaod  ar' , if,  when  compar- 1 with  the 
set  of  standard  arcs,  was  Judged  to  cioeer  to  that  arc 
than  the  uiean  between  that  arr  and  the  next  The  tabulation 
of  res  ilta  then  consists  of  counting  the  number  of  particles 
of  a jlven  sign  Judged  to  hfivt  curvatures  falling  In  each  of 
the  forty-nine  categories.  Si»'ce  the  par^’ielea  grouped  in  a 
division  corresponding  to  a standard  arc  (hence  not  Judged  as 
Iving  between  two  standard  arcs)  are  about  evenly  dlstr ’ bu^od 
about  the  value  of  the  standard  c'<-,  it  is  assumed  that 
lie  above  the  value  and  )ialf  belc  This  concept  Is  Import 
only  at  the  value  of  ten  meters,  and  In  tabulations  concerning 
particles  of  momentum  gr^.-ti- ’•  than  ? h bev/c  tten  meters 
radius  of  curvatire)  half  of  those  paitlcles  included  in  ^he 
ten-meter  group  of  the  actual  tabulation  will  be  considered 
to  be  greater  than  ten  meters.  The  tabulation  of  the  actual 
data  is  given  in  Table  TI  for  both  th**  no  absorber  case  and 
the  five -eentlMter-lead -absorber  case. 

B.  Tha  Momentum  Distribution 

With  no  absorber  over  the  chamber,  a total  of  15*^1 
tracks  were  sieasured,  1064  having  a momentum  of  2 6 Bev/c  or 
less.  Including  all  tracks  whose  sign  couldi  be  determined, 
there  are  767  positive  particles  and  543  negative  particles. 


s8 

However,  large  THitPber  of  electrons  h&v  - t:en  Included  In  this 
case,  and  the  ratio  of  positive  to  negative  particles  nas 
little  significance  because  of  rhe  bv  Vc  elect-onic 

compoiv-'  pioi.  of  tola'  field  of  data,  including  parti- 

cles of  ooth  signs,  : g^von  in  Plate  XIX.  The  data  for  the 

no-absorbar  spec  rutp  u.»‘e  giver  in  Table  III-  The  n.ormallza- 

-1  -2 

tlon  factor  computed  for  this  case  is  0 I63  ater  cm 

With  five  irr.e  r r s ^f  lead  above  the  chamber  a total 

of  1’  tracks  were  measured,  of  which  9^3  tracks  correspond  to 
par 'teles  having  a momentum  of  2 5 Bev/c  or  less  The  positive 
ex. OSS  for  this  case  is  1 5 t 0.1  for  particles  lying  in  t.*-e 
momentum  interval  fifty  Mev/c  to  : s Bev/c  The  positive 
excess  for  all  particles,  Includi  g those  with  momenta  greeter 
than  2.5  Bev/c,  Is  the  same  within  statistics,  Since  the  dis- 
tribution of  p«',3lllves  and  negatives  Is  of  interest,  the  two 
were  plotted  together  on  the  same  graph  end  are  given  in  Plate 
XX.  A plot  of  both  positives  and  negatives  is  given  in  Plate 
XIX  where  it  can  be  compared  with  the  corresponding  plot  of 
the  no-absorber  case.  The  data  for  the  f! ve-cenMmeter-lead 
case  are  given  in  Table  IV  for  the  poaltlve  and  negative  par- 
ticles, and  for  the  combination  in  Table  III.  The  normallza- 

-1  -2 

tlon  factor  for  this  case  la  0,142  ater  cm 

The  case  involving  twenty  centimeters  of  lead  above 
the  chamber  contained  oriy  a third  as  much  data  as  the  other 
two  cases,  and,  furthermore,  the  exposures  were  made  on  Eastman 
Llnograph  Panchromatic  film,  which  proved  to  be  too  grainy  for 
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good  Hnomentum  raeaaui O'  9 r>-.;  plot  c f tro.'ne  dat«  is  not  too 

meaningful  statistically,  but,  so  far  as  can  be  told,  t^e 
distribution  does  not  appreciably  from  that  obtained 

in  the  *'lve -centimeter  "ase 

C Heav'.ly  Ior,t?ln>r  rartlcicr 

In  measuring  the  curvature  of  the  tracks,  a number  of 
track  c crresp'"'nding  ’’o  particles  with  an  Ionization  density 
well  above  minimum  were  noticed,  an  effort  to  determine 

thr  spectrum  and  Identity  of  ’he  particles  producing  these 
t’''K3,  all  data  were  utilized,  including  the  seven  rolls 
taken  with  a field  cf  10,0OC  gaui-o  and  those  rolls  considered 
to  be  too  light  for  easy  measurem  nt  of  tracks  of  mlnlroum 
ionization.  fJ'e  total  number  of  singly  occurring  tracks  In 
this  field  of  data  was  also  determln-Tl  so  that  i;ie  relative 
number  of  particles  with  an  ionization  well  above  minimum 
could  be  established.  For  the  statistical  analysis  of  the 
number  of  heavily  ionizing  particles  present  in  a particular 
ease,  no  length  criterion  was  established  while  for  the 
momentum  spectrum  of  the  particles  a minimum  length  of  twelve 
centimeters  in  tho  chamber  was  used. 

Of  5040  slngle^  tracks  examined  for  the  no -absorber 
case,  ninety -nine,  or  2 0 percent,  were  heavily  Ionizing. 
Similarly,  for  2940  single  tracks  under  five  centimeters  of 
lead  fifty,  or  1.5  percent,  were  found  to  be  heavily  ionizing, 
while  under  twenty  centimeters  of  lead  the  corresponding 
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flgurt'3  are  1!?60  and  'welve,  wMcln  is  0 pf'^'cen*  O'”  the  l6l 
heavily  ionizing  tracks  for  the  three  cases,  all  n t th-'e-^ 
oh'Ji*  a direction  of  '•'u’.'vituie  c ' rrosj', onilng  to  (t  positive 
particle  moving  iownwari. 

The  datj  fo-  t,  - ‘laviiy  tonizlng  particles  twelve 
oentlraete*-8  long  or  longer  of  toth  the  no-abserter  r -ise  and 
the  fl’- i -centlmeter-lead-absorber  case  are  given  In  Table  v. 
Since  '.wo  field  strengths  were  used,  the  curvature  had  to  be 
conv-,  'ted  to  momentum  before  summing  the  particles,  and  thus 
the  -ata  are  given  in  terms  of  the  number  of  particles  found 
In  1 particular  momentum  Interval.  Plate  XXI  Is  a plot 
ti:ese  data.  The  distribution  had  *»en  drawn  to  zero  for  the 
lowest  momentum  found  for  any  hea’ lly  ionizing  particle. 

Within  statistics  the  momentum  dlatrlbut Ions  for  those  heavily 
Ionizing  particles  found  under  no  absorber  and  five  centimeters 
of  iead  do  not  differ,  and  thus  the  two  are  plotted  together  to 
improve  the  statistics  and  to  show  the  low  momentum  cutoff, 
which,  as  will  be  shown  later,  does  not  depend  upon  the  nature 
of  the  absorber  above  the  chamber.  In  ord«»''  to  show  the  ioni- 
zation density  of  the  protons  In  the  range  of  momentum  consid- 
ered In  Plate  XXI,  the  ratio  I/I|g  has  been  plotted  as  a second 
abscissa.  This  la  the  ratio  of  the  ionization  density  of  a 
proton  SB  compared  with  minimum  Ionization 
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TABLK  Li 


TABULATED  DATA  FOR  POSITlVti  AND  NEOAi  lVE  PARTICLES 
OP  THE  NO-ABSCRBER  CASE  AND  THE  5 CM  LEAD  CASE 


Radius  of  Curv. 
In  Meters 

No  Absorber  Case 

3 cm  L< 

id  Case 

Positive 

Negative 

Positive 

Negative 

.316 

li. 

s 

3 

2 

3^-6 

R 

11 

1 

0 

0 

4 

1 

2 

.400 

13 

7 

2 

0 

7 

10 

2 

3 

.515 

7 

7 

1 

2 

1 

3 

0 

1 

■583 

7 

11 

1 

1 

2 

1 

3 

0 

.661 

9 

13 

'4 

1 

3 

2 

0 

1 

.751 

16 

10 

2 

4 

1 

3 

i 

.852 

12 

7 

2 

4 

1 

1 

4 

2 

.966 

6 

4 

■3 

5 

1 

6 

5 

1.09 

9 

7 

4 

4 

1 

2 

5 

1.23 

9 

12 

5 

5 

1 

2 

7 

4 

1^39 

13 

7 

11 

6 

13 

2 

2 

3 

1.56 

8 

6 

10 

9 

7 

4 

9 

5 

1.74 

16 

15 

18 

5 

7 

3 

5 

2 

1.94 

16 

13 

16 

19 

8 

9 

3 

2 

2.16 

12 

20 

14 

6 

15 

2 

3 

2.42 

19 

11 

13 

9 

9 

11 

13 

6 

2.73 

. 20 

6 

19 

11 

16 

8 

5 

5 

3.08 

15 

11 

24 

12 

13 

11 

11 

3 

3.51 

22 

12 

27 

17 

17 

10 

21 

Q 

4.06 

1 , * 

7 

33 

16 

15 

9 

22 

10 
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TABLfc  .U  'continued) 


Radius  of  Curv 
In  Meters 

No  Absorber  Case 

5 cm  Lead  Ca«e 

Positive 

Nogetl ve 

Fosi  *.  1 ve 

Nega  1 1 VO 

4„ei 

21 

?2 

28 

26 

S9 

IV 

24 

19 

5 - 

14 

4 ] 

20 

« ,■> 

IP 

32 

23 

7 

J 

48 

26 

24 

28 

n 

10.00 

98 

49 

79 

70 

10  00 

98 

85 

90 
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TABLE  III 

THE  DISTRIBUTION  IN  MOMENTUM  FOR  PARTICLES  OF  BOTH 
3IONS  FOR  THE  NO  ABSORBER  CASE  AND  THE  5 CM  LEAD  CASE 

Moment  urn  in  Mev/c  5 cm  Lead  Case  No  Absorber  Case 


40 

7>  7 

12.6 

2.5 

16C 

li  4 

1 ■ 

45.7 

3.3 

315 

19  1 

C i 

30  2 

2.9 

465 

24  ^ 

25 

32.3 

3 0 

655 

17  6 

A . ( 

26.0 

2.2 

890 

18.9 

1.7 

16.3 

1.6 

1240 

14.6 

1.0 

13^8 

1.1 

1980 

9 3 

0 .6 

82 

0 5 

TABLE  IV 

THE  DISTRIBUTION  IN  MOMENTUM  FOR 
POSITIVE  AND  NEGATIVE  PARTICLES  FOR  Iri£  5 CM  LEAD  CASE 


Momentum  In  Mev/c 


Positive 

Particles 


Negative 

Particles 


40 

— 

1.6 

160 

6.1 

315 

10.6 

465 

14  9 

655 

11.0 

690 

12.7 

1240 

8.9 

1980 

58 

.... 

0.9 

... 

1.2 

5.2 

1.0 

1.5 

8.5 

1.4 

1.8 

9.6 

1.5 

1 3 

6.6 

1.0 

1.3 

6.2 

0.9 

0.8 

5.9 

0.6 

0.4 

3.6 

0.4 
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TABLE  V 

HEAVILY  IONIZING  TRACKS  UNDER 
NO  ABSORBER  AND  5 CM  OP  LEAL  ABSORBER 

MoawntUB  Range  In  Bev/c  Number  of  Particles 


0.00-0.25 

0 

0.24-0.30 

7 

0-30-0  35 

12 

0 3^>-0.5C 

i»9 

0.50-0.05 

39 

0.65-0.88 

27 

1.00 

10 
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IX  DISCUSSION 


A.  Momentum  Distribution 

The  momentum  di 3» r 1 bu’  ■ ons  obtained  In  this  rase  a''e 
Interes'  Ing  in  that  tnev  are  Into '-mediate  In  altitude  and,  when 
compared  «l^h  other  similar  measurements,  permit  a reasonably 
clear  interpretation  of  the  variations  in  the  mesonlc  and  pro- 
toni:  compone't*  3 of  cosmir  rays.  Momentum  distributions  from 
magr*-  lc  cloud  c.hamber  meat  ureroents  at  sea  level  and  at  30,000 
fee-  have  been  given  by  Wilson  (Heference  c Plate  XXII)  and  by 
Adems,  Anderson,  et  al  (Reference  ? Plate  XXIII) . In  t ie  rase 
of  Wilson's  sea-level  measurements,  sufficient  absorber  was 
placed  above  the  chamber  to  Insur  cascade  multiplication  of 
electrons,  which  could  then  be  eliminated  by  c’lscardlng  events 
in  whlcn  Ticrc  *hari  one  particle  appeared  The  distribution 
obtained  by  him  may  be  considered  to  consist  essentially  of 
the  mesonlc  component,  since  It  Is  Icnown  that  only  few  protons 
are  present  at  sea  level.  The  result  obtained  for  the  flve- 
centlmeter  lead  case  In  this  Investigation  Is  very  similar  to 
that  found  by  Wilson.  It  can  be  seen  that  the  peak  of  the 
rather  broad  maximum  of  the  distribution  occurs  at  about  the 
same  point  (500  Mev/c  for  this  work  and  750  Mev/c  for  Wilson's) 
and  that  the  rate  of  decrease  at  higher  momenta  is  comparable. 
It  would  thus  appear  that  the  momentum  spectrum  has  not  been 
altered  much  in  the  inoreaae  in  elevation  between  these  two 
observations,  even  though  the  present  work  does  contain  a 
ftirly  large  number  of  protons. 


MOMENTUM  SPECTRUM 
OF  ALL  PARTICLES 
AT  SEA  LEVEL 


MOMENTUM  IN  MEv/c 


SlIND  AbV»JLl8UV 
Nl  31V8 
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Since  the  data  of  thlfs  InveatlgatAcn  do  not  extend  to 
high  momenta  aa  In  the  work  of  Wilson  (6),  Jones  (7),  or 
Blackett  (8),  It  Is  Impossible  to  deduce  tne  form  o.*'  the 
decrea*‘“  of  intensity  with  momentum  beyond  the  maximum  as  Is 
done  by  ihese  Irvesttgarci-a  for  the  sea- level  spectrum.  it  Is 
possible,  however,  to  get  some  Idea  of  what  such  a spectrum 
might  ;e  from  a knowledge  of  the  total  number  of  particles 
fexte”  ’ing  from  2.^  Bev/c  to  infinity.  The  results  of  this 
Inve  tlgatlon  show  that  the  fraction  of  particles  represented 
by  *e  Integrated  Intensity  beyond  2 5 Bev/c  Is  36  percent, 
whereas  Wilson  finds  hO  percent.  There  Is  no  difference 
within  statistics,  and  It  is  the:  rot  too  Improbable  that  the 
form  of  the  spectrum  is  very  nea*  ’.y  the  same,  even  at  such 
higher  values  of  momenta 

The  momentum  spectrum  obtained  by  Adams,  Anderson,  et 
al  at  30*000  feet  la  much  different  from  that  obtained  here. 

The  very  large  number  of  particles  found  by  these  Investigators 
In  the  low  momentum  end  of  the  spectrum  la  undoubtedly  due  to 
the  presence  of  large  numbers  of  elect’-rrs,  since  no  absorber 
other  than  the  chamber  wall  and  the  upper  gelger  tube  was 
present.  The  experimental  conditions  are  almost  exactly  those 
prevailing  In  the  no-absorber  experiment  of  this  Investigation, 
and  their  momentum  distribution  should  be  compared  with  Plate 
XIX  of  this  work,  In  w^lch  large  numbers  of  electrons  at  lew 
momenta  are  also  found. 


71 


The  main  dlffe’^ence  between  the  two  spectra  then  or  curs 
at  about  ^jOO  Mev/c  (magnetic  rigidity  of  about  1.7  x 10^  gauss 
centimeters).  At  this  po*. nt,  Although  both  investigations  show 
a peak,  the  one  obtained  at  30,000  feet  is  much  sha-per  and  la 
confined  to  tne  positive  particles.  In  the  3 -kilometer 
da^a,  however,  t.ie  peak  occurs  in  both  the  positive  and  the 
regatl'e  spectra  At  ^ U kilometers  this  peak  Is  Interpreted 
as  be  ng  due  to  mesons,  but  such  an  l.nt erpreiat Ion  cannot  be 
vail''!  for  the  30»000-foot  data  Since  the  peak  occurs  only  In 
the  oosltlvea,  and  since  the  cutoff  at  the  low  end  Is  quite 
ah’ upt  and  la  at  a value  of  momentum  Just  necessary  for  a pro- 
ton to  pass  through  the  cloud  chd'cber  and  trip  the  lower  g^'lger 
counter,  the  natural  Interpretati  n la  that  the  peak  represe’*'r8 
large  numbers  of  fairly  low  momentum  protons  which,  without 
the  Instrumental  cutoff,  mlgr.t  well  have  extended  to  even  lower 
nome.nta  The  cloud  chamber  used  In  the  investigation  at  30,000 
feet  had  a rather  large  brass  casting  at  the  bottom  and  thus 
presented  a large  amount  of  absorber.  The  protons  with  Just 
sufficient  momentum  in  the  chamber  to  penetrate  to  the  lower 
gelger  counter  do  not  have  an  Ionization  density  sufficiently 
above  minimum  to  Identify  them  by  this  means. 

The  positive  excess  computed  from  the  30,000-foot  data, 
though  not  atatlatlcally  meaningful,  appears  to  be  considerably 
In  excess  of  that  found  at  the  lower  altitudes.  If  the  Inter- 
pretation of  the  peak  found  at  bOO  Mev/c  aa  being  due  to  pro- 
tons is  oorroot,  then  s large  part  of  the  increase  In  positive 
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excess  noted  at  feet  cen  bo  at  t.ri buto-i  to  the  protons 

It  iB  conceivable  that  it  la  all  due  to  fhe  p’-otonlc  c omponert  . 

The  only  momontuin  apectrum  cc-naiitlug  of  a sufficiently 
large  ‘ ■^'ty  of  data,  and  hence  having  sufficient  let  all  to  be 
cowparec!  with  the  present  wo’^k,  and  done  at  a nearly  equivalent 
altitude  is  that  obtained  by  Hall  (3) , Plate  XXIV,  it  is  dif- 
ficult however,  t o compare  Hall’s  counter-telescope  result 
di’Tec  ly  with  the  magnetic  cloud  chamber  ’'osults  Hall's  work 
was  onducted  at  14,000  feet  and  consisted  ot'  determining  ♦’he 
Int-  .,ral  range  spectrum  by  use  of  lead  absorbers  and  gelger 
counvers.  This  Integral  range  apectrum  can  then  be  tramafcrmed 
to  a differential  momentum  spectr  ;m  by  assuming  tnat  all  par- 
ticles represented  have  the  same  '^ass  Hall  assumed  that  all 
of  the  particles  contributing  to  the  measurement  were  mesons, 
the  elect' '.rs  navirg  been  eliminated  In  a direct  manner  at  the 
larger  ranges,  and  a correction  factor  comp'uted  for  the  lower 
ranges.  As  can  be  seen  from  Plate  XXIV,  the  apectrum  obtained 
by  Hall  has  a large  number  of  low  momenta  particles  and  shows 
a rather  sharp  maximum  at  200  Mev/c . Since  ihe  position  of 
this  peak  la  of  importance,  a rather  detailed  diacuaslon  of 
possible  errors  is  given  below. 

In  the  measurement  of  an  Integral  range  apectrum  for 
the  non-electronlc  component,  the  greatest  difficulties  are 
encountered  for  small  r^nge,  where  electrons  cannot  be  elim- 
inated easily.  Hall  employed  a special  experimental  arrange- 
ment in  order  to  obtain  the  small  range  portion  of  the  curve 
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more  accurately,  but  oven  so,  large  corrections  had  to  be  made 
to  eliminate  tne  effects  of  showers  and  electrons  It  Is  thus 
quite  possible  that  conslde’ abl^-  numbers  of  electrons  were 
lnclud<^d  In  the  small  range  portion  of  the  integral  range 
spectrum,  and  it  Is  In  Juat  this  region  that  the  differences 
between  the  spectra  become  pronounced. 

Further,  Hall  had  to  assume  that  all  of  the  particles 
conta  ned  in  his  integral  range  spectrum  were  mesons.  This 
was  known  not  to  be  valid,  but  the  number  of  protons  was 
thought  to  be  so  small  as  not  to  affect  materially  the  trans> 
formation.  If  there  ai'e  comparatively  large  numbers  of 
protons  present,  and  they  are  transformed  from  range  to 
momentum  on  the  basis  of  the  ran^^  -momentum  relationship  for 
mesons,  the  Intensity  which  they  contribute  Is  displaced  to 
lower  momenta,  and  thus  they  give  a larger  contribution  to  a 
smaller  momentum  band  than  they  actually  occup>  On  the  basis 
of  the  proton  Intensity  and  Its  probable  composition  computed 
In  this  work,  there  does  not  appear  to  be  a sufficient  number 
of  protons  to  account  completely  for  the  differences  observed 
In  the  spectra.  It  may  well  be,  however,  that  considerably 
more  protons  are  present  at  the  higher  elevation.  This  seems 
plausible  when  considering  the  vast  increase  found  by  Adams, 
Andaraon,  et  al  at  30,000  feet. 

The  momentum  spectrum  obtained  by  Hall  la  extremely 
unstable  where  its  variation  with  altitude  la  considered. 

This  auggesta  that  a large  amount  of  local  production  la 
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contributing  to  the  n>  son  peak  observed  II'  this  were  so.  It 
does  not  seem  reasonable  that  the  production  should  drop 
abruptly  to  unnotlcesble  proportions  tn  the  Inter vii  from 
14,000  feet  to  11,000  feet  Phis  hypothesis  is  r^adc  almost 
untenab.e  by  the  latei  w'irk  of  Carr,  S'‘heln,  and  Barbour  (13) 
in  which,  from  c ■'•aervations  at  l8,000  feet,  they  estimate  the 
production  necessary  to  yield  a spectrum  comparable  with 
Hal*  , They  find  tnat  the  production  must  be  equivalent  to 
fourteen  percent  of  the  mesonlc  radiation  able  to  penetrate 
ter  ertlmeters  of  lead  at  their  observation  point.  Such  a 
hltr  production  rate  is  not  found  by  there  at  l8,000  feet,  and 
since  the  spectrum  at  11,000  feet  does  not  show  fCe  large 
quantities  of  low  energy  mesons  c'  served  by  Hall,  It  must  be 
concluded  that  if  the  answer  to  the  anomaly  resides  in  local 
low  momenta  meson  p’'oductlcn.  It  is  limited  to  an  extremely 
narrow  layer  of  the  atmosphere 

Of  all  of  the  possible  reasons  for  finding  a large 
number  of  low  momentum  particles  In  the  computed  transforma- 
tion, the  most  appealing  Is  that  a sufficient  number  of 
protons  with  a range -momentum  relationship  vastly  different 
from  that  of  mesons,  especially  at  Just  the  low  momenta  con- 
sidered, are  present,  and  hence  the  entire  difficulty  lies  In 
not  knowing  Just  how  many  protons  are  contributing.  The 
discrepancy  can  be  alreogt  accounted  for  by  a prctonlc  component 
having  an  intensity  of  about  «J5  percent  of  the  mesonlc  radia- 
tion. Further  evidence  gathered  by  this  group  in  a later 
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experiment  supports  tie  Idea  that  protons  are  present  In  this 
abundance . 

A comparison  of  the  spe'-trun*  oM«jined  at  3.4  kilometers 
under  absorber  and  under  five  centimeters  of  ;>^al  Is  of 
Interes  because  of  the  possibility  for  investigating  the  num- 
ber of  electrons  which  are  Included  in  such  an  investigation 
when  e'ectron  removal  is  not  assured  by  a cascade  process.  As 
can  b seen  fr  om  Plate  XIX,  which  Includes  both  spectra, 
elec' '•ons  are  Included  up  to  about  one  Bev/r. , There  is  no 
pai'.cular  reason  why  electrons  of  higher  momenta  should  not 
al^.o  be  observed  In  the  plot  If  they  were  present  In  the 
radiation,  and  hence  it  can  be  assumed  that  the  electronic 
component  has  a quite  small  inter  ity  when  compared  with  the 
■etonic  component  for  momenta  above  about  one  Bev/c. 

P.  Positive  Excess 

Much  Interest  has  centered  on  the  question  of  the 
excess  of  positive  particles  over  negative  In  cosmic  radiation. 
It  Is  of  primary  Importance,  since  such  an  excess  In  the 
•esonlc  component  offers  another  experimental  check  point  on 
meBon  production  theory.  Many  observers  have  measured  the 
positive  excess  at  sea  level.  Jones  (7)  and  Hughes  (9)  using 
a cloud  chamber  method  found  I.I8  ^ O.08  and  1.29  - O0O5 
respectively.  Using  a magnetic  lens  Erode  (10)  found  a value 
of  1.32  t 0.02.  Conversl  (11,12)  has  obtained  values  near 
tbeae  using  both  a magnetic  lens  and  a delayed  ooiiMldance 
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scheme.  The  rather  w*  le  apr''-*d  datu  ronaidcring  the 
errors  quoted,  is  probably  a reflection  of  the  geomagnetic 
latitude  as  well  as  the  dllTe.-rnt  met  rods  of  me'iaurement  3 , 

At  higher  altitudes,  very  little  data  is  available, 
and,  In  general,  the  nlgt-r..  titude  aata,  due  to  * he  dlfficul- 
♦"los  of  n ^asurem  ^ni  , oufl'er  from  rather  large  statistical 
uncert  Intiea  Ande’aon  has  found  a large  Increase  In  the 
pvTsit  ve  excess  wltr;  increaslrig  r<itlTude,  the  most  slgnif- 
Icar.  Indication  coming  from  the  work  at  30,000  feet  The 
pre-ent  work  confirms  the  Incr  »se  In  positive  excess  with 
Increasing  altitude 

Plate  XX  shows  the  moroen*-  im  spectrum  '‘or  both  po  '^ive 
and  negative  particles  as  found  c 3>^  kilometers  under  flv*- 
centimeters  of  lead  can  be  seen,  there  Is  no  definite 

trend  of  variation  of  pos^  ive  exccs'x  with  momentum  The 
oosltlve  excess  of  1 5 t 0,1  Is  -'omputed  for  those  particles 
having  a noaentum  lying  between  fifty  Mev/c  and  25  Bev/c 
As  explained  previously,  almost  all  electrons  have  been 
removed  from  this  spectrum. 

It  Is  difficult  to  understand  why  the  ratio  of  positive 
to  negative  mesons  should  vary  with  altitude.  It  Is  thought 
that  the  mu  mesons  have  no  appreciable  nuclear  Interactions, 
and  hence  the  spectrum  at  one  altitude  should  be  computable 
from  that,  of  another-  s''tjtude  with  no  asymmetry  between  posi- 
tive and  negative  particles,  in  particular,  the  transformi.tlon 
froB  3.4  kilometers  to  sea  level  Involves  a momentum  loss  of 
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about  600  Mev/c  for  particles  of  high  momenta  and  a decay  loss 
which  varies  with  momentum,  becoming  Inappreciable  at  moTif»rt;j 
of  the  order  1.5  Bev /c  and  ^^lgher  The  entire  uppe’"  portion 
of  the  momentum  spectrum  of  Plate  AX  should  then  r>t  able  to  be 
transformed  to  sea  level  t/  simply  shifting  the  abscissa  by 
about  6or  Mev/c.  However,  It  Is  known  that  the  positive 
excess  In  a region  from  one  to  two  Bev/c  at  sea  level  Is  about 
1.3,  >nd  one  must  tnus  conclude  tnat: 

'aT  there  Is  production  of  large  numbers  of  negative 
mesons  In  the  interval 

tb)  the  poaltlvea  are ‘preferentialXy  removed,  or 
(c)  particles  other  than  me3onr>  arc  Involved. 

The  first  hypothesis  Is  u rt-nable  because  of  the  lech 
of  appreciable  pioductlon  found  at  higher  altitudes,  and,  of 
course,  it  would  bo  hard  to  understand  why  there  should  sud- 
denly be  an  excess  of  negatives  over  positives  In  the  produc- 
tion, when  at  higher  altitudea  the  reverse  was  true. 

Although  there  Is  an  asymmetry  In  the  decay  time  of 
the  meson  between  positive  and  negative  masons,  this  occurs 
when  the  meson  Is  essentially  at  rest,  and,  of  course.  Is  the 
other  way  around,  with  the  negative  meson  showing  the  smaller 
effective  half  life. 

The  last  hypothesis  appears  to  be  the  most  probable. 

It  is  known  that  ther<*  some  protons  present  at  the  higher 
elevation,  and  only  • few  at  sea  level.  The  removal  of  pro- 
tons from  the  spectrum  can  be  understood  on  the  basis  of  their 
mtclear  interaction.  For  the  shower-producing  rallatlon  (at 
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least  a part  of  which  Is  protnr:''  i Coconnl  (1^)  finds  a mean 
interaction  path  length  of  about  120  gm/cm  The  layer  cf  -■ ! r 
absorber  traversed  by  a partv:ie  ^rom  ♦ • elevation  at  Clitni:x 
to  sea  evel  is  equal  to  abou*  three  such  Interaction  lengths. 
If  each  interaction  remov.^ft  the  proton,  or  leaves  It  with 
Insufficient  rar,^o  to  traverse  the  absorber  (as  would  be  the 
case  w . th  protons  of  momenta  approximately  two  Bev/c),  then 
the  f oton  intensity  shoui'i  be  reduced  by  about  a factor  of 
ten  On  the  other  hand,  the  hard  component  la  found  to 
de<  'ease  by  only  a factor  of  two 

If  for  the  moment  It  be  considered  that  the  me sonic 
component  at  sea  leve  has  a positive  excess  of  1.3,  and  ’■"Is 
is  constant  with  Inc  casing  altl^  ide,  then  at  3-^  Iclloro^te:  ? 
there  would  have  to  be  an  intensity  of  protons  equal  to  8 per- 
cent of  the  total  hard  component  intensl’'y  in  order  to  account 
for  a positive  excess  of  1 S Since  in  this  investigation  it 
was  found  that  the  recognizable  protons  constituted  sbou*-  2 
percent  of  the  total  radiation,  it  is  not  at  all  Impossible 
that  another  6 percent  are  present,  but  rannot  be  Identified 
because  of  a higher  moanentuB,  and  hence  an  ionization  density 
nearer  minimum.  In  fact,  it  is  not  at  all  unreasonable  to 
suspect  that  a small  portion  of  the  sea-level  positive  excess 
osn  be  attributed  to  protons. 


Plate  XXI  gives  the  distribution  In  noraentuiB 
ionizing  particles,  cotrbinlng  ‘).oae  otae  ‘vtci  under  no  absorber 
and  und^i*  five  centlroe’-ers  o‘.‘  ;*^ad,  On'iy  those  t ^'-kis  dis- 
tinctly naore  dense  t I'ar  the  aveT*eg<  >'un  •''f  tracks  were  included 
!’■  this  c'.ot,  A'.thougii  the  se'ictlon  was  of  necessity  quite 
arbltrr  y,  it  was  found  that  for  particles  having  a tnomentura 
!•  CO  »an  SOO  Mov/c , several  different  observers  agreed  almost 
aoso  itely  on  those  tracks  to  be  included.  As  can  be  seen 
frc  Plate  XXI,  this  value  of  momentum  corresponds  with  an 
Ic  zatlon  density  of  about  three  times  minimum.  Although  the 
group  of  heavily  Ionizing  tracks  was  selected  on  the  basis  cf 
track  density  alone.  It  was  found  that  all  but  three  had  a 
direction  of  curvature  « orresponding  to  a positive  particle 
moving  downwerd,  thus  givir^g  added  credence  to  the  Interpre- 
tation of  these  tracks  as  protons 

The  remarkably  sharp  cutoff  at  low  momenta  is  an 
instrumental  effect.  Since  the  events  were  selected  by  means 
of  counters  placed  above  and  below  the  chamber,  particle  had 
to  go  through  the  lower  wall  of  the  chamber  and  enter  the  lower 
gelger  counter  in  order  to  be  observed.  The  mass  of  absorber 
represented  by  the  apparatus  was  computed  and  found  to  be 
equal  to  1.2  gm/cm  of  aluminum,  ^rom  this  the  proton  cutoff 
was  found  to  be  abou^-  -’'-'O  Mev/c.  Mo  heavily  Ionizing  particles 
were  found  with  momenta  leas  than  230  Mev/c,  again  verifying 
the  assumption  that  the  particles  being  considered  are  protona. 
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It  can  also  b*?  conclu'  -id  in.at  , i!  par’-.ci^  a ol  an  Intermediate 
mass  of  the  order  of  ‘>00  to  1000  electron  masses  are  p’eaerit  . 
they  must  represent  an  ..v  smaj  i frartion  ‘'I  tne  inten- 

sity of  radiation  at  tnis  ai’l’ude. 

In  orde^’  to  tempi.’-,  iho  c ‘-nt  r i ^-at  ion  of  protons  to  the 
total  Intensity,  ran  oe  assumed  that  tn^'  region  33^  to  500 
Mev/c  9 unaffected  by  either  low  momentum  cutoff  by  failure 
to  re  ognlze  t.he  protons  because  of  a low  ionization  density. 
The  .’itenslty  of  protons  thus  found  In  the  interval  350  to  50^ 
Mev  r for  the  no-absorber  case  Is  10  percent  of  the  intensity 
of  ^ he  non-elec tronlc  component  found  In  this  same  momertuir 
Interval  under  five  centimeters  c lee-1.  If  no  production  and 
no  losses  other  t.han  ionization  1 sses  are  assumed  for  the 
protons  penetrating  five  centimeters  of  lead,  a computation 
Involving  the  range -momen; ui'>  relationship  for  protons  in  lead 
shows  that  some  20  percent  of  the  radiation  in  a momentum  band 
centered  at  bOO  Mev/c  consists  of  protons.  The*  assumption  of 
no  losses  other  than  Ionization  losses  Is,  of  course,  not 
valid,  but  It  la  probable  that  there  Is  also  some  production, 
and  the  exact  contribution  of  protons  at  the  higher  m'-<ienta  la 
thus  subject  to  large  error  when  computed  In  this  way. 

Prom  even  the  meager  data  available  on  protons  obtained 
In  this  Investigation,  the  assumption  that  the  relative 
increase  of  positive  particles  over  negative  particles  with 
Increase  in  altitude  is  seen  to  be  Justified.  If  the  contri- 
bution of  the  protonic  component  to  the  radiation  does  not 


fall  too  rapidly  at  the  higher  momenta,  It  can  be  seen  that 
even  a portion  of  the  "normal"  positive  excess  fouiKl  at  sea 
level  My  be  due  to  protons. 


X.  SUMMARY 


(1)  The  momentum  spe^rrurr  o;‘  ri'  ?. - icct ronlc  ionizing 

component  of  cosmic  radiation  'o-  momenta  betwe'-:'.  iOO  Mev/c 
and  2.b  Bev/c  both  the  positive  and  negative  particles, 
filtered  trjrough  five  centimeters  lead,  has  been  obtained. 
It  Is  ^ound  to  be  quite  similar  to  the  iea*level  spect»‘um  in 
this  omentum  inter  vai.  Aititougn  little  Information  can  be 
obtained  from  this  work  concerning  hlgner  momenta,  the  ratio  o 
par^ teles  of  momentum  higher  than  Bev/c  to  those  below  2.5 

Bev/c  la  the  same  wltt.ln  statistics  as  that  at  sea  level 

(2)  The  momentum  spectrum  for  momenta  between  100  Mev/c 
and  2.5  Bev/c  for  the  ionizing  cc  ponent  of  the  cosmic  ’"adla- 
tlon  has  been  found  with  the  electronic  component  not  removed 
In  comparison  with  the  spectrum  In  which  the  electronic  com- 
ponent has  been  removed,  it  Is  found  that  the  electron 
contribution  extends  to  about  one  Bev/c . 

(3)  Fairly  large  numbers  of  protons  have  been  found. 

There  are  enough  protons  at  the  lower  momenta  to  account  for 
the  increase  in  the  positive  excess  from  sea  level  to  3.4 
kilometers.  At  slightly  higher  momenta  it  has  been  computed 
that  there  are  enough  protons  to  completely  account  for  the 
positive  excess. 

(4)  No  evidence  was  ^ound  for  a par»:Ule  of  mass  1000 
electron  maaaea,  indicating  that.  If  present  at  3.4  kilometers 
they  are  rare  as  compared  with  protons. 
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